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bstrc 
Strategies to control Alternaria radicina in carrot seed production 
by 
Rajan Kumar S. Trivedi 
 
New Zealand produces over 40% of the world’s carrot seed. This production is based in Mid-
Canterbury, but recently the fungal pathogen Alternaria radicina has caused problems for 
carrot seed growers. The overall aim of this research project was to improve understanding of 
the disease cycle and to develop strategies for control of A. radicina in carrot seed production. 
In addition, to achieve these aims, two methods were developed to quantify the levels of A. 
radicina in soil samples. The use of a semi-selective agar medium was proved to be selective, 
sensitive and reliable, and suitable for commercial use. A quantitative PCR assay was also 
sensitive and very rapid, detecting a lower limit of 100 fg DNA and 10 conidia in soil per 
reaction (60 conidia/g soil), but had some technical problems which must be resolved before 
this method could be used commercially. 
A survey of 15 carrot fields found A. radicina soil populations of 33-233 CFUs/g soil, which 
were positively correlated with black root rot disease incidence and severity. A glasshouse 
trial confirmed that soil-borne A. radicina significantly reduced seedling emergence. A trial of 
pathogen propagule survival in soil demonstrated that conidia were the major survival 
propagules, and that the presence of plant debris increased survival of the pathogen. The 
prolonged cropping period for carrots allowed for overlapping periods between crops from 
consecutive seasons, providing a green bridge which allowed spread of the disease by wind-
borne conidia that were detected up to 135 m from the crop. Conidium dispersal occurred 
over a broad timeframe, from 4 months after sowing to 7 weeks after harvest, with the 
maximum dispersal at harvest.  
Flaming and steaming treatments applied to carrots in September at three tractor speeds, viz. 
1.7, 2.3 and 2.7 km/ha, in 2006 caused small but significant reductions in subsequent foliar 
disease, which lasted for 2 months after treatment. In 2007, another steaming trial using the 
same tractor speeds showed that treatment in June gave better control than a July treatment 
but the effects again lasted until only September and, at harvest, seed infection was not 
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reduced significantly. A glasshouse study of crop rotation effects on survival of A. radicina 
propagules in soil found that growing wheat, barley and faba bean significantly reduced the 
amount of soil-borne inoculum. A field survey showed that A. radicina was not detectable in 
soils where carrot had last been grown ≥6 years previously, and was at lower levels (50-75 
CFUs/g soil) in fields where wheat was grown in the crop rotation. In an irrigation trial plants 
irrigated by drip irrigation had significantly less foliar and root infection, and produced higher 
quality seed, but not greater yield, than those overhead irrigated. A disease susceptibility 
screening trial showed that while nursery parent lines differed in their susceptibility to A. 
radicina, the potential to reduce disease by this method is constrained by the overseas 
customers who specify the parent lines requirement. 
In vitro fungicide screening trials showed a range of efficacies against A. radicina, with 
iprodione being the best and azoxystrobin the least effective. In vivo studies showed that a 
single application of pyraclostrobin, or pyraclostrobin+boscalid, or difenoconazole in autumn 
was able to delay the onset of foliar disease but the initial control lasted only until spring. In a 
glasshouse trial, the pre- sowing incorporation of fungicides, a biological control agent and a 
fumigant reduced soil-borne inoculum and increased carrot seedling emergence. In a field 
trial, post-sowing incorporation of fungicides and biological control products into the soil 
significantly reduced black root rot disease, but had no effect on harvested seed infection 
levels.  
When fungicides or biological agents were applied to the umbels in field trials, only 
difenoconazole at 0.125 L a.i./ha applied a week before swathing, or two applications of 
Ulocladium oudemansii at 2 × 1011 CFUs/ha, applied one and two weeks before swathing, 
significantly reduced A. radicina in the harvested seed and thereby improved seed 
germination. The fungicidal ability of diquat against A. radicina was demonstrated in an in 
vitro study and in field trials where 0.2, 0.4 or 0.6 L a.i./ha applied 4 days before swathing 
significantly reduced seed-borne infection and the percentage of abnormal seedlings in 
harvested seeds. The two lower rates allowed a small increase in germination but the highest 
rate reduced germination because it killed some seeds.  
A fungus new to New Zealand, A. carotiincultae, was detected on carrot seed produced in 
New Zealand and on seed imported from France. Its pathogenicity to carrot was demonstrated 
in a greenhouse trial. It is likely to have been orginally introduced to New Zealand on 
imported seed, as it was detected during seed health tests.  
While several of the methods investigated showed promise for control of A. radicina, none of 
them completely controlled the pathogen. Further research on a combination of methods is 
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required before Canterbury’s carrot seed growers can be presented with effective and 
sustainable control strategies. 
Keywords: Alternaria radicina, Alternaria carotiincultae, selective agar, PCR, survival, 
dispersal, flaming, steaming, resistant parent line, drip irrigation, crop rotation, fungicides, 
biological control, Trichoderma atroviride, Ulocladium oudemansii, diquat. 
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     Chapter 1 
      Introduction 
New Zealand has long been recognised as an important seed growing country. In New 
Zealand, the Mid-Canterbury plains (Figure 1.1), situated in the province of Canterbury on the 
central east coast of the South Island are a major seed production region. The Mid-Canterbury 
plains have a suitable climate, excellent industry infrastructure and expertise and the skilled 
growers that make it possible to produce high quality seeds at a relatively low cost (J. 
Townshend, personal communication, 2006). In 2008, the total export earnings for the New 
Zealand seed industry was approximately $ 128M (J. Townshend, personal communication, 
2009), and about $ 40M of this came from vegetable seeds (Anonymous, 2010b). However, 
the exact value of carrot (Daucus carota L.) seed exports is not known, as this information is 
kept “in-house” by the seed companies. New Zealand has come to dominate the international 
carrot seed market, and it has been reported to produce about 50% of the world’s carrot seed 
(Keast, 2006), although industry sources have suggested that 40% may be a more accurate 
figure (J. Townshend, personal communication, 2006). However, there are no statistics 
available to support this. The majority of carrot seed currently produced in New Zealand is of 
F1 hybrids, grown under contract to overseas customers. 
 
 
 
 
 
 
 
 
 
 
  
Figure 1.1  Location of Mid-Canterbury, New Zealand (derived from Manaki Whenua- 
Land Care Research, n.d. a). 
Mid-Canterbury 
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In Mid-Canterbury, the carrot seed crop remains in the soil for 14 months which increases the 
possibility of attack by fungal pathogens. One of these pathogens, Alternaria radicina Meier, 
Drechsler & Eddy 1922 (syn. Thyrospora radicina (Meier et al.) Neergaard, 1938, 
Stemphylium radicinum (Meier et al.) Neergaard, 1939, Pseudostemphylium radicinum 
(Meier et al.) (Subramanian, 1961)) (Ellis & Holiday, 1972), can damage the crop at all stages 
of carrot plant growth by reducing initial seed germination, causing damping-off, and 
producing foliar and black root rot lesions. Alternaria radicina infection during carrot umbel 
development may also affect the quality and quantity of seed (Neergaard, 1945; Lange-De La 
Camp, 1966; Maude, 1966; Neergaard, 1977; Tylkowsa, 1992; Beresniewicz & Duczmal, 
1994). 
Carrot seed production around the world is under threat from this seed- and soil-borne fungus 
(CABI/EPPO, 1998). It has been reported from many countries, including New Zealand, 
where in 1973 it was first reported to have originated from imported infested carrot seeds 
(Scott & Wenham, 1973). Although there are no reports of the economic losses attributed to 
A. radicina in carrot, reports of the incidence and severity of the pathogen highlight its 
importance. Up to 91% of plants were reported to be infected in the Cuyama Valley, 
California (Pryor et al., 1998) and 88% in South Australia (Coles & Wicks, 2003). On storage 
roots the infection was as high as 62% in New York (Lauritzen, 1926), and 50% in Europe 
and Asia (Vlasova & Fedorenko, 1986; Geeson et al., 1988, as cited in Farrar et al., 2004). 
This pathogen has been introduced into many countries and growing regions with infected 
seed. In England, 13 out of 19 seed lots were infected with a maximum incidence of 30%, and 
plants that developed from infected seeds had a black root rot incidence of up to 96% (Maude, 
1966). In Australia, the infection rates were reported to be 35% on imported seed and 47% on 
the resultant seedlings (Coles & Wicks, 2003). In New Zealand, a study by Scott and 
Wenham (1973) reported that 19 out of 86 imported seed lots were infected with A. radicina 
and in a later study an incidence of up to 26% was reported for imported carrot seed (Soteros, 
1979a). Since the 2003 New Zealand seed harvest, failure of some of the harvested seed lots 
to meet minimum germination standards because of the incidence of A. radicina has resulted 
in their rejection by the European seed houses for which the carrot seed was being produced, 
at a substantial cost to the New Zealand seed industry (J. Hampton, personal communication, 
2006). 
Alternaria radicina is a pathogen which has received little attention in New Zealand carrot 
seed production. However, due to the increasing quality problems it has created for the New 
Zealand carrot seed industry, there is a need for a detailed and systematic investigation of 
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different aspects of the disease. The aims of this research were to investigate soil testing 
methods, disease development processes and efficacy of disease control methods for A. 
radicina in Mid-Canterbury. Control strategies that are effective, sustainable, environmentally 
sound and easy to use were studied for both conventional and organic seed production 
systems.  
To achieve these aims four major objectives were identified: 
• To develop a soil testing method to identify A. radicina infested soils. 
• To understand A. radicina disease development in carrot seed crops in Mid-
Canterbury.  
• To investigate control methods applied prior to seed sowing or during vegetative 
growth for preventing A. radicina infection of carrot plants. 
• To investigate control methods applied near to seed maturity for preventing 
infection of the carrot umbels. 
1.1 Development of a soil testing method to identify Alternaria 
radicina infested soils 
Identifying and quantifying inoculum in infested soils was determined during the experiments 
described in Chapter 3 which investigated: 
• Re-testing an A. radicina semi-selective agar. 
• Baiting soils with carrot roots of a susceptible hybrid. 
• Developing a polymerase chain reaction (PCR) detection method for A. radicina.  
A semi-selective agar medium for A. radicina (recipe described in Appendix B.5) was 
developed by Pryor et al. (1994) to detect seed-borne A. radicina. The same medium without 
2,4-D was used by Pryor et al. (1998) to detect soil-borne A. radicina. This modified medium 
was re-tested for Mid-Canterbury soils, because of the possibility that it might not work with 
the different soil mycoflora of Mid-Canterbury compared to USA soils. The medium was then 
tested for selectivity and sensitivity to detect soil-borne A. radicina. As a second testing 
method, carrot root from a susceptible hybrid was used as a bait, and then the relationship 
between the percentage colonisation of the bait and the amount of inoculum in the soil was 
determined. For the third method, previously designed species-specific primers for the rRNA 
gene region of A. radicina (Konstantinova et al., 2002) were tested on New Zealand isolates 
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of A. radicina and some other fungi isolated from carrot fields. A real-time PCR protocol for 
the rRNA primers was developed and then used in a quantitative PCR assay to quantify A. 
radicina in infested soils.  
From the PCR work three additional sections were included in Chapter 3: 
 First report of A. carotiincultae in New Zealand and proof of its 
pathogenicity to carrot. 
 Assessment of the presence of A. radicina and A. carotiincultae on/in 
imported carrot seed lots. 
 Honey bees, used for pollination in A. radicina infested carrot fields, were 
tested for their ability to carry A. radicina spores on their bodies. 
1.2 Alternaria radicina disease development in carrot seed crops in 
Mid-Canterbury 
The overall aim of this objective was to obtain a better understanding of the disease 
development processes of A. radicina so that control strategies could be planned. This was 
determined through investigating: 
• Effects of A. radicina soil inoculum levels on disease development. 
• Survival of pathogen propagules in soil. 
• Alternative hosts of A. radicina that may be potential sources of inoculum.  
• Movement of inoculum from an existing crop, and after harvest, to new crops. 
For disease control, it is important to understand the disease development process. This has 
not been studied for this pathogen in the cool temperate climate of Mid-Canterbury. 
Therefore, some of the key aspects of the disease development were selected for this study. 
The amount of A. radicina inoculum in Mid-Canterbury carrot fields was unknown and a 
study was conducted to determine the range of soil-borne inoculum levels. The relationship 
between soil-borne inoculum and black root rot incidence and severity was established. Also 
the effect of soil-borne inoculum on carrot seedling emergence and post-emergence losses 
was studied in a greenhouse experiment. Another experiment involved determining the 
survival of propagules of A. radicina in sterilised or non-sterilised soil, with or without carrot 
plant material in open field conditions over a two year period.  
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For some disease cycles an alternative host may play an important role. In the North Island of 
New Zealand, celery and fumitory were reported as alternative hosts for A. radicina (Soteros, 
1979b). However, no study has reported alternative hosts in the South Island and therefore 
surveys were conducted for two years in Mid-Canterbury to investigate potential alternative 
hosts in and around carrot fields.  
Wind is known to play an important role in dispersal of Alternaria pathogens of plants 
(Rotem, 1994). In this chapter the wind-borne dispersal of A. radicina inoculum was studied 
in Mid-Canterbury in three different experiments, 1: at different distances from existing carrot 
fields; 2: at different growth stages within carrot fields; and 3: at different heights from the 
soil surface within a carrot field.  
1.3 Investigation of control methods applied prior to seed sowing 
or during vegetative growth to prevent Alternaria radicina 
infection of carrot plants 
The overall goal of studying several different control measures was to develop integrated 
control management strategies to minimise A. radicina infection for both organic and 
conventional carrot seed production systems. This was determined through investigating: 
• A physical method 
 Thermal control of the disease during vegetative growth 
• Cultural methods 
 Disease susceptibility of male and female parent lines to the pathogen 
 Effect of irrigation method on foliar and root disease level, seed yield and 
quality 
 Crop rotation required to reduce carry-over in soil 
• Chemical and biological methods 
 Efficacy of fungicides against A. radicina in the laboratory 
 Efficacy of autumn spray applications of fungicides against foliar and root 
disease 
 Effect of soil incorporation of fungicides, biological control products and 
fumigants on carrot seedling emergence and on A. radicina soil population 
density 
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The experiments reported in Chapter 5 investigated non-chemical and chemical control 
methods against A. radicina under in vitro and/or in vivo conditions. The physical, cultural 
and biological methods could be used for both organic and conventional carrot seed 
production, whereas the fungicides as a chemical method could only be used for conventional 
seed production.  
The physical methods tested were thermal treatments originally designed for weed control. 
Based on the suggestions of Merfield (2006), the effects of flaming or steaming on the carrot 
seed crop at different speeds and timings to control foliar and black root rot disease were 
investigated in field trials. The recovery of carrot plants after the thermal treatment was also 
determined.  
The cultural control methods tested included various factors such as selection of parent lines, 
types of irrigation and crop rotation. Growing disease resistant parent lines can avoid or 
minimise plant disease. However, the European seed houses who have contracted New 
Zealand seed companies to produce F1 carrot seed have not usually shared disease susceptibility 
information about their parent lines either because they do not know, or because 
they wished to protect their intellectual property (IP). This study therefore examined the 
susceptibility to A. radicina of many different male and female parent lines over three 
successive years, assessing for both foliar and black root rot symptoms under field conditions. 
Due to IP sensitivities, the identity of the parent lines mentioned in Chapter 5.3 cannot be 
revealed. 
Overhead irrigation is the most common method used in carrot fields in Mid-Canterbury. 
However, the high relative humidity and free moisture on the plant surfaces created by 
overhead irrigation may help A. radicina to spread within the crop (Elad et al., 1996). 
Therefore, a field experiment was designed to compare the effects of drip or overhead 
irrigation on A. radicina foliar and black root rot symptoms, and seed quality and quantity.  
Crop rotation may reduce the survival of A. radicina conidia which can remain viable in the 
soil for up to 8 years without a host (Maude & Shuring, 1972; Maude & Bambridge, 1991, as 
both cited in Farrar et al., 2004). The relationship between cropping sequence and A. radicina 
soil population density was determined. Crops that are commonly grown and likely to follow 
carrots in a rotation in Mid-Canterbury were selected and grown in artificially inoculated soils 
in a greenhouse, where the ability of these crops to reduce A. radicina survival in soil was 
determined. 
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The ability of fungicides to control mycelial growth and conidial germination of A. radicina 
was determined in vitro. Field trials determined the effect of autumn application of fungicides 
on foliar and black root rot symptoms. A greenhouse trial determined the effect of the pre-
sowing incorporation of fungicides, fumigants and biological control products into infested 
soil on seedling emergence and A. radicina soil population density. Based on these results 
post-emergence drenching of fungicides and biological control products were field tested for 
their ability to control root and seed infection. 
1.4 Investigation of control methods applied near to seed maturity 
for preventing infection of carrot umbels 
The overall aim when applying chemical and biological control products to the umbels before 
seed harvest was to reduce seed-borne A. radicina and thereby improve germination of the 
harvested seeds. This was determined through investigating: 
• Application of fungicides and biological control products to the umbels 
• Application of a desiccant to the umbels 
The ability of commercially available fungicides and biological control products to protect the 
umbel from infection by A. radicina when applied at different rates and timings was 
investigated in Chapter 6 by comparing their effects on seed infection and germination.  
The use of a chemical desiccant, diquat (Reglone), which facilitates early seed harvesting in 
many crops, was also investigated because it has shown some ability to control other fungal 
diseases (Katan & Eshel, 1973; Altman & Campbell, 1977). Both in vitro and in vivo trials 
were designed to test the effect of diquat at different application rates against A. radicina.  
1.5 Thesis outline 
This thesis consists of seven chapters including the current chapter. A review of literature is 
presented in Chapter 2. The four objectives of this study are presented in the same order in 
Chapters 3 to 6 respectively. Each chapter has its own introduction, materials and methods, 
results, discussion and conclusions. Chapter 7 presents a general discussion and the 
conclusions from this study in which the significance of the overall outcomes is discussed and 
recommendations made for an integrated disease management program for organic and 
conventional production systems. 
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     Chapter 2 
Review of literature 
2.1 Introduction 
This review presents the current management practices for carrot seed production and the 
major diseases that affect these crops in Mid-Canterbury, New Zealand. It provides detailed 
information about Alternaria radicina: taxonomy, history, identification, favourable 
conditions for infection, symptoms on carrot plants, disease cycle and control. Where research 
data on A. radicina in carrot seed crops was limited, then research on other related fungi has 
been presented. 
2.2 Carrot seed production in Mid-Canterbury 
Hybrid carrot seed production began in New Zealand around 1990 (J. Hampton, personal 
communication, 2006) and is based in  Mid-Canterbury. Carrots (Figure 2.1) are grown by the “seed to 
seed” method. Carrot is a biennial crop and requires 14 months to complete its life cycle from 
seed to seed. For hybrid carrot seed production, male sterile (referred to as female) and male 
parent lines are sown in February/March in rows normally at a ratio of 4:2 to 6:3, female: 
male. The distance between the beds of male and female lines is 120 cm, whereas within the 
male or female rows it is 30 or 60 cm, respectively. To avoid genetic contamination, a 
minimum isolation distance of 2000 m is required between two different male lines. The 
resulting F1 hybrid seed is harvested the following year in late March (R. Wilson, personal 
communication, 2006).  
 
 
 
 
 
 
 
 
 
Figure 2.1 Carrot plants flowering in a Mid-Canterbury field. 
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The carrot seeds are sown at a depth of 5-10 mm and emergence usually occurs in 7-12 days 
when soil is at an ideal temperature of 15-20ºC (Rubatsky, 2002). The emerging seedlings 
have slow growth over the winter (May-August) and their leaf tissue may sustain some 
damage from frost. During spring (September-November), carrot plants grow vigorously and 
from November they become reproductive and bolting (rapid upwards reproductive growth) 
starts. During summer (November- February), the seed crop is irrigated via overhead 
irrigation to meet water requirements. By mid-December the plants have formed white 
umbels, comprising the first or primary umbels on the main stalks, followed by secondary, 
tertiary and sometimes quaternary umbels on the lateral branches, in descending order. Early 
flowers are often removed to synchronise maturity of male and female flowers so that pollen 
is available at the time needed. To ensure sufficient pollination, honey bee hives are kept in 
carrot fields for two months from mid-December to mid-February. After pollination, when the 
male plants are no longer required, they are removed from the field by mechanical mulching, 
whereas the female plants continue to grow in the field to complete the seed-filling or -
maturation process. When the plants reach seed maturity, the green vegetative tissue must be 
dried as it may prevent efficient seed harvesting by clogging equipment. Thus, the green 
plants are usually swathed, a practice of cutting the plants at the base and allowing them to 
dry in windrows for 5-10 days. The swathing is usually done when 100% of the secondary 
umbels have turned brown, as they contribute ~60% of total seed yield. For swathing, timing 
is critical since a late cut may lead to loss of high quality seeds from the primary umbels due 
to wind shattering, and if the prevailing weather is cool and cloudy, then it may affect 
desiccation rate and result in poor seed quality (R. Wilson, personal communication, 2008). 
After harvesting, most seed growers destroy the crop debris by burning or allowing sheep 
grazing (R. Wilson, personal communication, 2006). However the animal grazing cannot be 
allowed if the crop was recently sprayed with chlorothalonil fungicide (Anonymous, 2010c). 
During the growing season, the carrot crop may be attacked by several fungal pathogens, viz. 
A. radicina, A. dauci, Cercospora carotae, Fusarium avenaceum, F. solani and Rhizoctonia 
spp. (R. Wilson, personal communication, 2006). Among these, A. radicina does maximum 
economic damage to New Zealand carrot seed crops. Fungicide applications which have 
formed the mainstream of most control plans in Canterbury have not adequately controlled 
the pathogen (R. Wilson, personal communication, 2006). The problem has been even worse 
for organic carrot seed production, as control options are limited. Put simply, Canterbury’s 
organic and conventional carrot seed producers have struggled to control A. radicina.  
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2.3 Alternaria radicina 
2.3.1 Taxonomy 
The taxonomy of the fungus was recently described by Webster and Weber (2007): 
Kingdom Fungi  
Subkingdom Eumycota  
Phylum Ascomycota 
Class Loculoascomycetes 
Order Pleosporales 
Family Pleosporaceae 
Genus Alternaria 
Species radicina  
 
2.3.2 History and geographical distribution of Alternaria radicina 
Black root rot of carrot caused by A. radicina was first reported by E. Rostrup in 1888 in 
Denmark and other northern European countries (Lauritzen, 1926). However, at that time the 
fungus was misidentified as Sporidesmium exitiosum v. dauci (Kühn) and termed 
Macrosporium dauci the causal agent of Alternaria blight (Neergaard, 1945). It was 
reclassified as A. radicina in later studies in New York during 1918-19, when isolated from 
lesions on stored carrot roots, with the source of inoculum being infected foliage (Meier et al., 
1922).  
The pathogen has been subsequently reported in most parts of the world. Ellis and Holiday 
(1972) reported A. radicina in Africa (Nigeria), the Americas (Argentina, Canada and USA), 
Asia (India, Israel, Japan, Kazakhstan, Korea Republic, Pakistan and Sri Lanka), Australia 
and Europe (UK, Bulgaria, Czechoslovakia, Denmark, Finland, France, Germany, Hungary, 
Italy, Netherlands, Norway, Romania, Sweden and USSR). In the following 26 years, A. 
radicina has been reported from many other countries including, Austria, Greece, Poland, 
Switzerland and Ukraine (Europe); Armenia, China and Georgia (Asia); Brazil and New 
Zealand (CABI/EPPO, 1998; Figure 2.2).  
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Figure 2.2 Global distribution of Alternaria radicina (CABI/EPPO, 1998). 
 
In New Zealand, this disease was first observed on wild carrot by J. Russell at Pukekohe, 
Auckland in January 1969 and by H. Wenham at Ohakune, Rangitikei in February 1969. The 
identity of the pathogen was confirmed by J.M. Dingley (Manaki Whenua-Land Care 
Research, n.d. b). Scott and Wenham (1973) reported the presence of the pathogen on carrot 
seed imported into New Zealand, and Soteros (1979a) also reported detecting the pathogen in 
imported carrot seed lots. All this suggests that the pathogen entered New Zealand via 
imported carrot seeds. 
2.3.3 Identification of Alternaria radicina through morphological and cultural 
characteristics 
2.3.3.1 Colony growth 
Alternaria radicina produces effuse and dark, blackish brown to black colonies (Ellis & 
Holiday, 1972). On acidified potato dextrose agar (APDA, pH 5; recipe in Appendix B.2), a 
colony of the fungus grows slowly with an irregular margin, and releases a yellow coloured 
pigment into the medium. It also forms dendetritic crystals visible on the underside of the 
Petri dish and growth never covers the entire Petri dish (Pryor & Gilberton, 2002; Figures 
2.3A & 2.3B). However, on A. radicina selective agar (ARSA) medium it produces 
distinctive black colonies that grow down into the agar, with little aerial growth (Figure 2.3C; 
Pryor et al., 1994, 1998). 
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Figure 2.3 Distinctive growth and appearance of Alternaria radicina on (A) PDA, (B) 
APDA and (C) ARSA medium. 
 
2.3.3.2 Mycelium 
The fungus produces septate hyphae 2.5 to 7.0 µm wide with clear constrictions at the septa 
which forms a greyish black or bluish black mycelium (Meier et al., 1922) (Figure 2.4A). The 
hyphae produce erect conidiophores (Figure 2.4B) with more than one conidial scar (Farrar et 
al., 2004), which are 200 µm long × 3-9 µm wide, rarely branched, being mostly unbranched, 
septate, straight, flexuous and coloured pale to olivaceous brown (Ellis & Holiday, 1972). 
 
Figure 2.4 Microscopic view of Alternaria radicina (A) mycelium, and (B) an erect 
conidiophore (arrowed) with conidia at 400×. 
 
2.3.3.3 Conidia 
The multi-cellular A. radicina conidium (Figure 2.5) is the product of asexual reproduction. 
Sexual reproduction by A. radicina has not been reported. Early reports on the morphology of 
mature conidia described them as being produced singly or in a short chain, mid to dark olive 
brown in colour, having a clavate, ellipsoid, obovoid or turbinate shape, measuring 34-51 × 
A B C 
A B 
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10-22 µm, having 3-8 transverse and one or more longitudinal septa, that divide one or all 
segments, but not the apical or basal cell, and always with constriction at the septa (Meier et 
al., 1922).  
Fifty years later, Ellis and Holliday (1972) reported slightly different measurements of 3-7 
transverse septa and ≥1 longitudinal septum, with a length of 27-57 (av. 38) µm and a width 
of 9-27 (av. 19) µm. Recently, Saude and Hausbeck (2006) recorded measurements of the 
mature conidia as 35-45 × 15-18 µm, with 3-8 transverse and 1-4 longitudinal septa.  
 
 
Figure 2.5 Microscopic view of Alternaria radicina conidia at (A) 400×, and (B) 1000×.  
 
2.3.3.4 Morphological differences with other Alternaria spp. 
Alternaria radicina can be easily distinguished from A. dauci and A. alternata (=A. tenuis) on 
the basis of conidial morphology. Conidia of A. dauci have a colourless pale beak, which is 
about 3 times the length of the main conidium body and they are produced singly or in short 
chains (David, 1988), whereas conidia of A. alternata usually have a short beak and are 
always produced in long catenate chains (Neergaard, 1945). The conidial morphology of A. 
radicina is more similar to the closely related species, A. carotiincultae and A. petroselini. 
Due to overlap in conidial morphology among these three closely related species, Pryor and 
Gilberton (2002) reported other morphological features present in colonies growing on APDA 
medium that could be used to distinguish them (Table 2.1).  
A B 
 14 
Table 2.1  Characteristics used to distinguish different Alternaria spp. on APDA medium 
(Pryor & Gilbertson, 2002). 
 
Characters A. radicina A. carotiincultae A. petroselini 
Catenate conidia Sometimes  Always  Not observed 
Conidial size (µm) 42-56 × 19-22 38-54 × 18-19 45-61 × 23-25  
Average transverse septa 
per conidium 
3.3 3.9 3.1 
Colony margin Irregular  Smooth  Smooth  
Colony growth Slow and never covers 
entire Petri dish 
Fast and covers 
entire Petri dish  
Fast and covers 
entire Petri dish 
Yellow diffusible 
pigment production 
High amount No or very little No  
Radicinin production High amount  Traces  Moderate amount 
Dendritic crystals Usually  Very rare No  
Microsclerotia  No  No  Yes  
 
In the present project, these morphological characteristics were used for identification of A. 
radicina. However as morphological identification can be subject to error, the identity of all 
cultures was confirmed using molecular methods. 
2.3.4 Identification of Alternaria radicina through molecular methods 
The polymerase chain reaction (PCR) is a technique that amplifies DNA and it can be used to 
detect and identify micro-organisms (Cahill, 1999; Pryor & Gilbertson, 2001, 2002). The 
specificity of a PCR assay as a way to detect micro-organisms is dependent on the design of 
primer sets to match unique sections of the target DNA sequence and optimisation of the PCR 
conditions. 
There are several reports of PCR based assays designed to identify A. radicina, but they differ 
in the degree of specificity shown. PCR primer pair, Pa2071 (5’-
GGGCGTTATGCGAGATCAGG-3’); and Pa2072 (5’-GTATTTGTAGGAATTTCCAG-3’) 
were designed from the DNA sequence (approx. 150 to 200 bp) of each end of a unique band 
observed using cloned random amplified polymorphic DNA (RAPD) analysis of A. radicina 
isolates (Pryor & Gilbertson, 2001). Although the primer pair was used to detect the pathogen 
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in carrot seed it was not specific for A. radicina as it also amplified DNA from A. petroselini 
and A. smyrnii. 
One year later, species-specific primers based on the genes that encode ribosomal RNA 
(rRNA) of A. radicina were designed by Konstantinova et al. (2002). The primers ARF2 (5’ 
AATCAGCGTCAGTAAACAAACG 3’) and ARR3 (5’ AGAGGCTTTGTGGATGCTG 3’) 
were able to amplify a part of the internally transcribed spacer (ITS) regions including the 
5.8S gene (Figure 2.6) and distinguish the sequence of A. radicina from that of A. dauci, A. 
alternata, Ulocladium sp. and Stemphylium botryosum. The authors also reported that the 
PCR assay was a more sensitive and effective technique than the earlier deep freeze blotter 
method (DFBM; ISTA, 1996) and plating of carrot seed on ARSA medium (Pryor et al., 
1994). The same PCR assay was also optimised for detection of A. radicina in carrot seeds 
and was found to be highly sensitive, detecting low levels of seed infection (2.63% detected 
on DFBM and 0.75% detected on ARSA). However, the authors did not mention whether the 
primer pair could distinguish A. radicina from close relatives such as A. carotiincultae and A. 
petroselini.  
 
 
 
Figure 2.6  Schematic representation of ITS and IGS regions in rDNA. Boxes indicate 
coding regions; SSU=small subunit; LSU=large subunit; ITS= internal 
transcribed spacer; IGS= intergenic spacer. 
 
In the same year, Pryor and Gilbertson (2002) showed that cluster analysis of RAPD data 
from A. radicina and A. carotiincultae indicated that they shared 95% genetic similarity. They 
found that A. radicina and A. carotiincultae species had identical nuclear 18S (ribosomal 
subunit) and mitochondrial small sub unit (mtSSU) rDNA sequences and that there was only 
1 bp difference in the sequence of the nuclear ITS regions (Figure 2.6). Since there was 
minimal difference between these two Alternaria species, Pryor & Gilbertson (2002) 
considered them as conspecific, with A. carotiincultae being a variant of A. radicina rather 
than a distinct species. However, three years later, Hong et al. (2005) clearly distinguished A. 
radicina from other Alternaria spp. including A. carotiincultae by amplifying the intergenic 
spacer (IGS) region (Figure 2.6) using primers 26S3111F (5’ 
AGGGAACGTGAGCTGGGTTTAG 3’) and IGS27 (5’ AATGAGCGATTCGCAGTTTC 
   SSU (18S)   5.8S   LSU (25-28S)            5S                SSU (18S)  5.8S    LSU (25-28S) 
   ITS region                         IGS region 
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3’). They showed that the size of amplicon for A. radicina was 3,900 bp and for A. 
carotiincultae was 2,800 bp. However, the IGS region has been reported to be variable within 
many fungal species including Cochliobolus hetrostophus (Garber et al., 1988), Coprinus 
cinereus (Wu et al., 1983), Fusarium oxysporum (Appel & Gordon, 1996), Pyrenophora 
graminea (Pecchia et al., 1998) and more recently in A. alternata (Laich et al., 2008). 
Therefore, IGS sequences may not provide a reliable method for distinguishing all A. radicina 
isolates from A. carotiincultae isolates. 
More recently, A. radicina and A. carotiincultae were confirmed as separate species by 
amplifying other taxonomically useful genes, namely, translation elongation factor (EF-1α), 
β-tubulin and Alternaria allergen al (Alt al) genes (Park et al., 2008). However, these authors 
also showed that the sequences of three other protein coding genes for actin (act), chitin 
synthase (chs) and glyceraldehyde-3-phosphate dehydrogenase (gpd) were very similar 
between these two species. From all these studies it has been concluded that although these 
two species are very closely related they are distinct species. 
2.3.5 Favourable conditions required for growth and infection of carrot by 
Alternaria radicina 
Lauritzen (1926) reported A. radicina growth on carrot agar at a wide range of temperatures, 
between -0.5 to 33.6ºC, with an optimum of 28ºC. However, temperatures >33.6 to <39ºC and 
below -0.5ºC were not tested. No growth was observed at 39ºC in 8 days while at -0.5ºC 
considerable growth was observed in 37 days. In a different experiment Lauritzen found A. 
radicina produced black root rot symptoms on carrot tissue in nearly the same temperature 
range of -0.6 to 34.0ºC with an optimum of 28ºC. 
For germination and infection of carrot by Alternaria species, conidia require free water or 
100% humidity for 6-72 h (Rotem, 1994). Saude and Hausbeck (2006) reported that a 
temperature of >20ºC and >92% relative humidity were favourable conditions for A. radicina 
infection. Seed infection was observed more often in wet and cold seasons as compared to a 
dry and warm season (Tylkowska, 1992). In another study, Benedict (1977) showed that 
infection of A. radicina on carrot root was maximal in naturally infected soil at a soil 
temperature of 10-16ºC. 
2.3.6 Carrot disease symptoms caused by Alternaria radicina 
Alternaria radicina can infect all parts of carrot plants including the seed, seedlings, leaves, 
petioles, crown of the tap root and umbels. 
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Alternaria radicina is an internal as well as external seed-borne fungus (Kuprashvili, 1973; 
Soteros, 1979a; Shakir et al., 2000) which only becomes active after the seed begins to 
germinate, and causes seed decay (Strandberg, 1992; Coles & Walker, 2001; Figure 2.7). 
 
 
Figure 2.7 Germinating carrot seed infected with Alternaria radicina. 
 
Histological studies revealed that mycelium of the pathogen is found in the inner layer of the 
pericarp and occasionally in the testa, but it was not detected in the endosperm or embryo 
(Pryor, 2002). More recently Kim and Mathur (2006) detected the pathogen in the pericarp 
and in the fused seed coat/endosperm. None of these studies detected the pathogen in the 
embryo, while its presence in the endosperm still remains dubious. 
As the seed germinates, propagules of A. radicina infect the young carrot seedlings and 
produce black necroses on the connective regions of the root and shoot, which result in 
deformation or death of the developing seedlings (Murtaza et al., 1988; Coles & Walker, 
2001). The presence of the pathogen during germination testing often results in the production 
of abnormal seedlings (ISTA, 2010) while it causes pre-and post-emergence damping-off 
losses in the field (Mounce & Bosher, 1943; Murtaza et al., 1988; Nowicki, 1995; Coles & 
Walker, 2001; Figure 2.8). 
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Figure 2.8 Carrot seedling loss due to Alternaria radicina. 
 
Leaf lesions are initially seen as small brown necrotic spots surrounded by chlorotic margins 
(Figure 2.9A), while stem lesions (Figure 2.9B) are dark brown to black in colour; as the 
necrotic areas expand and coalesce, which affects photosynthetic activity and ultimately yield 
(Grogan & Snyder, 1951, 1952; Tylkowsa, 1992; Coles & Walker, 2001). As the disease 
progresses, the leaf infection leads to petiole infection which provides the avenue for infection 
of the root (Grogan & Snyder, 1952) 
.  
Figure 2.9 Leaf (A) and stem (B) lesions caused by Alternaria radicina. 
 
 
A B 
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In Canterbury, apart from A. radicina, two other fungi, A. dauci and C. carotae also cause 
foliar lesions (Merfield, 2006). The two Alternaria spp. produce similar symptoms (Maude, 
1966; Pryor, 2002). However, the foliar lesions produced by C. carotae are distinctive being 
mostly confined to young foliar tissue where they start as small necrotic flecks that are gray to 
brown in colour and have a pale centre with a dark brown margin. They become circular in 
shape in the middle of the leaves or elongated along the leaf margins or elliptical on petioles 
(Gujino et al., 2004; Koike et al., 2007). Therefore microscopic assessment of representative 
samples in the laboratory is needed to confirm the pathogen identity. 
Alternaria radicina can infect roots through wounded or non-wounded tissue, but the 
infection is slower in non-wounded tissue (Lauritzen, 1926). The root infection initially 
results in a black ring at the point of attachment between the petiole and root (Farrar et al., 
2004). The infection can then spread down into the lower portion of the root, causing crown 
constriction and rotting symptoms often called “black rot” (Coles & Walker, 2001; Figure 
2.10). However in Canterbury, the crown constriction is not always seen (R. Wilson, personal 
communication, 2007). 
 
Figure 2.10 Black root rot symptoms caused by Alternaria radicina on petiole bases and 
crowns of carrot. 
 
Umbel blight is similar to leaf blight; infected parts turn brown to black and in severe 
infections, no seeds develop in the infected umbel (Grogan & Snyder, 1951, 1952; Farrar et 
al., 2004). Seed infection can occur by direct contact with infected umbel parts or the seed 
appendages catching external, wind-borne A. radicina propagules (Strandberg, 1992), which 
later invade the seed through the pedicel and embryo walls, and enter the pericarp or 
sometimes the testa (Maude, 1966; Soteros, 1979a). However Pryor (2002) considered that the 
pathogen did not enter through the embryo walls. 
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2.3.7 Toxic metabolites produced by Alternaria radicina  
Alternaria radicina is known to produce non-host specific toxins. Production of radicinin has 
been known for a long time; however radicinol and epi-radicinol were recently reported by 
Solfrizzo et al. (2004) who were the first to study toxic metabolites in relation to the carrot 
black root rot disease. They frequently found radicinin and radicinol toxins from the naturally 
diseased parts of carrots and suggested that they had a role in pathogenicity. Other authors 
have also reported that A. radicina produces various toxic metabolites on carrot roots, 
primarily radicinin (Tylkowska et al., 2003), epi-radicinol (Tylkowska et al., 2005) and 
radicinol (Solfrizzo et al., 2005). The effect of a high concentration (250 µg/mL) of radicinin 
and epi-radicinol were recently reported by Tykowska et al. (2008) who demonstrated 
ultrastructural changes in various components of parenchyma cells of carrot roots, although 
the integrity of the membrane was not disturbed. These metabolites are phytotoxic and reduce 
the marketable value of carrot, but they have not been shown to cause any harmful effects to 
humans or animals (Solfrizzo et al., 2005). 
2.3.8 Disease cycle of Alternaria radicina 
Alternaria radicina usually enters into new cropping areas through seed (Scott & Wenham, 
1973; Murtaza et al., 1988). When infected seeds germinate, A. radicina invades the 
hypocotyl and causes pre-emergence damping off (Mounce & Bosher, 1943; Murtaza et al., 
1988; Nowicki, 1995). In fields with soil-borne inoculum, leaves which touch the ground may 
become infected from this source, causing development of necrotic spots. Conidia are 
produced on necrotic and senescent leaf tissues, and are dispersed from these sites through 
wind, overhead irrigation, and rain water splash to other parts of the plant or to uninfected 
plants (Neergaard, 1977; Pryor, 2002), causing leaf blight (Grogan & Snyder, 1951, 1952; 
Tylkowsa, 1992), petiole infection (Grogan & Snyder, 1951, 1952), and infection of the root 
tissues (Farrar et al., 2004). Old plants and senescing tissues are very susceptible to A. 
radicina infection (Meier et al., 1922; Soteros, 1979b; Pryor, 2002), while vigorously 
growing plants show more tolerance to infection (Grogan & Snyder, 1951, 1952; Simon & 
Strandberg, 1998). Wind-borne conidia can also infect developing umbels, which may not 
yield any seed in severe infections (Maude, 1966; Soteros, 1979a; Farrar et al., 2004). Seed 
infection tends to increase after threshing and the seed cleaning process as compared to at 
harvest, as illustrated by Tylkowska (1992) (Appendix D.1). 
After harvesting of a carrot seed crop, A. radicina conidia can survive in infected dead crop 
debris (Strandberg 1992; Rotem, 1994; Pryor et al., 1998), and may remain viable in the soil 
for up to 8 years without a host (Maude & Shuring, 1972; Maude & Bambridge, 1991, both 
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cited in Farrar et al., 2004). Other potential sources of inoculum are alternative hosts, which 
mostly belong to the Umbelliferae family (Ellis & Holiday, 1972; Tahvonen, 1978; Wearing, 
1980; Tylkowsa, 1992), and the green-bridge created on farm by a new crop being grown in a 
field adjacent or downwind of the previous year’s crop before the latter has been harvested for 
seed. 
2.3.9 Control methods 
2.3.9.1 Physical control methods 
Physical control methods can sometimes be used to kill or exclude pests, so that their threat to 
crops is reduced (Vincent et al., 2003). Hardison (1976) described flaming as a method of 
thermosanitation which could be used to control soil-borne diseases by killing the resting 
structures of the pathogens. However, the reduction in soil inoculum potential depends on the 
duration of the flaming and the penetration of heat into the soil, with 70ºC for 30-60 min 
being needed to kill most pests except viruses (Newhall, 1955; Runia, 1983; Bollen, 1985). 
Thermal treatment is an eco-friendly disease control solution and also the pathogen can not 
develop resistance against this method, as they can do against chemicals (Hardison, 1976). 
Merfield (2006), who conducted a greenhouse experiment to investigate the effects of thermal 
treatment on carrot foliage artificially infected with A. radicina, A. dauci and C. carotae, 
reported complete destruction of the fungal pathogens because the carrot foliage was also 
killed. Since this was a greenhouse experiment he suggested that field trials were needed to 
establish the effect of thermal treatment on the carrot diseases and the re-growth potential of 
the treated plants.  
The role of tillage in the reduction of soil-borne inoculum has been previously reported. Pryor 
(1993, as cited in Farrar et al., 2004) conducted an experiment with different tillage 
treatments to determine their effect on soil-borne inoculum of A. radicina at different depths. 
He found that 50, 30 and 20% of the inoculum was present in the upper 0-10, 10-20 and 20-30 
cm of soil, respectively. Mould board ploughing to a depth of 30 cm moved 40% of the total 
inoculum in the upper 10 cm of soil to the 10-20 cm soil depth zone but caused little change 
below 20 cm. This caused a small but significant (P≤0.05) reduction (6.1%) in disease 
incidence at harvest. However, although ploughing can reduce inoculum levels in upper soil 
layers and corresponding disease incidence the following year, this effect did not last, 
probably because the long lived pathogen propagules were returned to the soil surface when 
the field was next ploughed. The pattern has been seen in other field crops; for example, in 
lettuce drop disease caused by Sclerotinia minor, Subbarao et al. (1996) reported that deep 
ploughing significantly (P≤0.05) reduced numbers of sclerotia per 100 g soil and disease 
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incidence in the first lettuce crop, whereas it was significantly (P≤0.05) higher in the second 
lettuce crop after again deep ploughing. The effect of tillage was not investigated in the 
present study as it was not considered to be of significance in Canterbury, because carrots are 
not sown in the same field in consecutive years (J. Townshend, personal communication, 
2006). 
2.3.9.2 Cultural control methods 
Ogle and Dale (1997) defined cultural methods as the activities of humans that are aimed at 
controlling disease through the cultural manipulation of plants. For soil-borne pathogens, 
cultural methods may be the only effective, economic and environmentally friendly solution.  
Use of resistant cultivars is a tool that can be used as an alternative to chemical control to 
avoid or minimise disease problems (Katiyar et al., 2001). Carrot cultivars have been reported 
to differ in their susceptibility to A. radicina with some more resistant than others (Pryor et 
al., 2000). Karkleliene (2005) evaluated resistance of some carrot cultivars to A. radicina and 
classified them into resistant, average resistant and sensitive lines at the Lithuanian Institute 
of Horticulture in 2000-01. He found that no line was completely resistant to A. radicina. 
However, of those tested, some lines were more resistant than others. 
Rogers and Stevenson (2006) reported that growing carrot cultivars resistant to A. dauci and 
C. carotae could reduce the amount of fungicide needed in the field. They also observed that 
the disease symptoms that developed on resistant cultivars usually occurred later in the season 
than on susceptible cultivars so that fungicide application could be delayed by 1-2 weeks 
without compromising the disease control. 
Irrigation management can have a greater influence than any other factor on the plant-
microorganism environment (Cook & Baker, 1983). Irrigation has an effect on soil mycoflora 
and different pathogens react differently in wet or dry soil conditions. Management strategies 
involving timing, intervals, amount and mode of irrigation, may help to control the 
development of many foliar and soil-borne diseases (Rotem & Palti, 1969; Palti, 1981). Soil 
moisture levels affect the predisposition of the host to the pathogen and the turgidity of leaf 
tissues. This is well illustrated in A. solani infection which increases with increasing leaf 
turgidity (Rotem, 1964). However this report contradicts Moore and Thomas (1943) who 
reported that a prolonged wilting period increased the susceptibility of tomato seedlings to A. 
solani. Rotem (1994) also concluded that susceptibility to Alternaria disease would increase 
if the plants were exposed to agents that retarded their development, such as moisture stress.  
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Crop rotation can be defined as “the growing of economic plants in recurring succession and 
in a definite sequence on the same land” (Curl, 1963). Continuous cropping (with non-host 
crops) or fallowing (absence of crop) is an effective tool for controlling many soil-borne 
diseases (Cook & Baker, 1983). Alternaria radicina is a long- lived pathogen in soil so long 
crop rotations with non-host crops have been proposed to manage the soil-borne phase 
(Soteros 1979b; Farrar et al., 2004). Fewer colony forming units of A. radicina were found in 
infested soil when the next crop was a wheat crop as compared with carrot (Coles & Walker, 
2001; Figure 2.11).  
 
Figure 2.11 Levels of Alternaria radicina at different depths in diseased soil subsequently 
grown with either a carrot or wheat crop, Blanchetown September 2000 (Coles 
& Walker, 2001). 
 
2.3.9.3 Chemical control methods 
Carrot seed production usually depends on fungicides to control various Alternaria diseases 
and New Zealand is no exception. During the 14 month growing season in Mid-Canterbury 
many fungicides are used at different stages to control different plant pathogens (J. 
Townshend, personal communication, 2006).  
2.3.9.3.1 Seed treatment 
Carrot seed treatment with iprodione (Nowicki, 2002), thiram (Maude, 1966; Soetros, 1979b; 
Pryor et al., 1994), carboxin + thiram, fuberidazole (Mirkova, 1979) and germisan (Stoyanov, 
1962) have all been reported to provide protection against seed-borne A. radicina. 
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2.3.9.3.2 Soil drenching 
Soil applied fungicides are defined as “chemicals with no or negligible phytotoxicity which 
protect the underground parts of the plants from attack by pathogenic soil fungi or which 
prevent the overmultiplication of these fungi” (Domsch, 1964). In Australia Coles and Wicks 
(2002) investigated effects of drenching soil with fungicides, when plants were at the 2-3 
leaves stage in April and May 2001, to reduce Alternaria blight in carrot seedlings. They 
assessed plants one month after the treatment application and found when the treatments were 
applied in April, only Amistar (a.i. azoxystrobin 250 g/lit SC) and Rovral (a.i. iprodione 250 
g/lit SC) reduced the disease; however, for a May application, all the fungicides tested had 
reduced the disease (Figure 2.12).  
 
 
 
 
 
  
 
 
Figure 2.12 Percentage infection by Alternaria spp. of carrot seedlings 1 month after 
fungicide drenching of soil at two application dates (Coles & Wicks, 2002). 
  
2.3.9.3.3 Foliar spraying 
Foliar applied fungicides including difenoconazole (EPPO, 2000), chlorothalonil, iprodione 
(EPPO, 2000; Farrar et al., 2004; Saude & Hausbeck, 2005), azoxystrobin (Coles et al., 2001; 
Farrar et al., 2004), pyraclostrobin and pyraclostrobin + boscalid (Anonymous, 2010a) have 
been reported to be effective against A. radicina.  
However in New Zealand, only difenoconazole (Score®) and difenoconazole + chlorothalonil 
(Cannon®) are registered fungicides for control of Alternaria and Cercospora leaf spots in 
carrot, whereas other fungicides (iprodione, chlorothalonil and azoxystrobin) are registered 
for control of other Alternaria spp. in crops other than carrot (Anonymous, 2010c). Although 
these fungicides are not registered to use on carrot, seed growers are using them because of 
the overseas reports about their efficacy against A. radicina. However, consistent control of 
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foliage and root infection by A. radicina is not always achieved (J. Townshend, personal 
communication, 2006).  
Many similar fungicides have been reported to control other Alternaria pathogens, e.g. A. 
dauci in carrots (Table 2.2). All the fungicide active ingredients listed in Table 2.2 are 
commercially available under different trade names in New Zealand.  
 
Table 2.2 List of fungicides reported to control carrot disease caused by Alternaria dauci. 
Fungicides  Chemical 
group(s) 
References 
Iprodione Dicarboximide Strandberg, 1984; Nowicki, 2002; Farrar et al., 2004 
Chlorothalonil  Chloronitrile Ben-Noon et al., 2001; Farrar et al., 2004; Langston, 
2005 
Difenoconazole Triazole Ben-Noon et al., 2001; Siviero et al., 2004 
Azoxystrobin Strobilurin Farrar et al., 2004; Siviero et al., 2004; Langston, 2005 
Pyraclostrobin Strobilurin Farrar et al., 2004; Langston, 2005 
Pyraclostrobin 
+ Boscalid  
Strobilurin + 
Carboxamide 
Robak and Adamicki, 2007 
 
Survilien÷ and Valiuškait÷ (2006) conducted an experiment during 2003-05 in Lithuania to 
test the effects of three systemic fungicides, viz. azoxystrobin, boscalid+pyraclostrobin and 
tebuconazole, and three contact fungicides, viz. mancozeb, tolylfluanid and iprodione, for 
preventing development of foliar disease by A. dauci and root disease during storage by A. 
radicina. They found that on average, two foliar applications of systemic fungicide (71-80% 
control) gave significantly (P≤0.05) greater control of the foliar disease than three 
applications of a contact fungicide (61-65% control). They also noted that foliar application of 
the fungicides significantly (P≤0.05) reduced tap root infection by A. radicina (by up to 82%). 
To control umbel or seed infection, the current practice in New Zealand to reduce seed-borne 
A. radicina is the application of iprodione at 0.5 L a.i./ha one week before swathing. This 
provides a protective coating to the seed which is believed to prevent infection during post 
harvesting processing (R. Wilson, personal communication, 2006).  
2.3.9.3.4 Soil fumigation 
Soil fumigants are defined as “chemicals with a generally high biotoxicity which help to 
reduce or eradicate harmful members of the soil microflora and microfauna” (Domsch, 1964). 
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Disease control through fumigation of field soils is not common but has been suggested as a 
potential control method in the literature. Coles et al. (2003b) applied the fumigants Metham 
(metam sodium) at 300 and 525 L/ha and Telone (1, 3-dichloropropene) at 520 L/ha two 
weeks prior to planting carrot in A. radicina infested soil. Inoculum levels remained below the 
disease threshold of 20 CFUs (colony forming units)/g soil in all the treatments including the 
control for 61 days after treatment. They found that Metham at 525 L/ha was the most 
effective in delaying soil-borne inoculum build up (Coles et al., 2003b).  
Fumigation of cold storage premises used for storing harvested carrots with formaldehyde at 
0.05 litres/m3 and Basamid (dazomet) at 200 g/m3 reduced root disease incidence caused by 
Stemphylium radicinum (=A. radicina), Erwinia spp., Sclerotinia sclerotiorum and Botrytis 
cinerea by over 80% (Tasca et al., 1976, 1979).  
2.3.9.3.5 Use of a desiccant 
Diquat (Reglone) is a chemical desiccant used instead of swathing to facilitate seed harvesting 
(Anonymous, 2010c). However, some past reviews have suggested that herbicides may also 
assist in controlling plant pathogens (Katan & Eshel, 1973; Altman & Campbell, 1977). 
Wallnofer (1968) reported the ability of diquat to control fungi (Aspergillus niger, Trichoderma 
viride and Rhizopus japonicus) and bacteria (Escherichia coli, Pseudomonas fluorescens and 
Azotobacter spp.). The author found that fungi were less inhibited than bacteria, and aerobic 
bacteria (Azotobacter spp.) were more inhibited than anaerobic bacteria (E. coli and P. 
fluorescens). He also explained diquat’s mode of action, by demonstrating that, in the citric 
acid cycle of E. coli, it blocked undefined parts of the respiratory system. Recently, Mikheev 
et al. (2007) conducted a trial to test effects of Reglone on carrot seed production in South 
Russia’s Far East region, and they found that an application rate of 2.5 L/ha resulted in higher 
germination (by 8%) and seed yield (by 24%). In New Zealand, the product is recommended 
and registered for use as a desiccant in many crops, viz. potato, green beans, pea, soya beans, 
lentil, wheat, barley, oat, lucerne and white/red clover, but not carrot (Anonymous, 2010c). 
Although the costs of swathing and desiccation are almost the same in Canterbury (R. Wilson, 
personal communication, 2007), the desiccant is not currently used because very limited 
research has been reported on its effect on carrot seed quality. 
2.3.9.4 Biological control methods 
Biological control (Biocontrol) was defined by Baker and Cook (1974) as “the reduction in 
the amount of inoculum or disease-producing activity of a pathogen accomplished by or 
through one or more organisms other than man”. Biological control organisms may control 
plant pathogens through one or more different modes of action; antagonism, antibiosis, 
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mycoparasitism, competition for substrate, and induced host resistance (Mukhopadhyay, 
1994).  
Currently, no biological control agent is commercially available to control seed- and soil- 
borne A. radicina in New Zealand. However, some overseas researchers have suggested that 
some biological control agents may be effective in controlling this pathogen.  
When carrot seeds naturally infested with A. radicina and A. dauci were bio-primed with 
Clonostachys rosea before sowing, the pre- and post-emergence mortality was reduced to a 
similar level as seeds treated with the fungicide iprodione (Jensen et al., 2004). Besson and 
Michel (1987) reported that an antibiotic produced by Bacillus subtilis (Ehrenberg) Cohn was 
inhibitory to A. radicina. In their study, under laboratory conditions carrot seeds treated with 
a suspension of B. subtilis str.T99 had improved seed germination and improved seedling 
health compared to infected but non-treated seed (Hentschel, 1991). However, the antifungal 
activity of B. subtilis against A. radicina was temperature dependent with the optimum 
temperature being 25-30ºC (Bochow, 1992).  
Chen and Wu (1999) tested different isolates of Burkholderia (Pseudomonas) cepacia and 
found that isolate 229 effectively controlled black root rot caused by A. radicina in infested 
potting mix (BVB no. 4) and also improving seedling emergence with the control equivalent 
to that provided by an iprodione fungicide (100 ppm) used as a seed treatment. All the isolates 
of the antagonist significantly (P≤0.05) reduced black root rot severity, although maximum 
reduction was observed in isolate no. 224 and 229 (Chen & Wu, 1999).  
Beresniewicz and Duczmal (1994) reported the competitive ability of Chaetomium elatum 
against A. radicina in soil containing high organic matter. However this biological control 
organism is not commercially available in New Zealand.  
Trichoderma spp. are the most frequently studied and the largest reported group of fungal bio-
control agents. These fungi have been known for a long time to control plant pathogens, 
mainly because of their adaptability in a wide range of environments (Wang et al., 2005) 
because of them being opportunistic coloniser of plant surfaces, their non-pathogenic 
relationship with their plants, their rapid growth, and their ability to produce cell degrading 
enzymes and antibiotics (Vinale et al., 2008).  
Sesan (1990) conducted in vitro studies to test the effect of 10 isolates of each of five 
saprophytic antagonistic species against Sclerotinia sclerotiorum and Stemphylium radicinum 
(A. radicina) on stored carrot. The author found that T. viride had strong antagonism against 
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both pathogenic fungi, which indicated that Trichoderma species had the potential to control 
A. radicina, although it was not tested in soil.  
In New Zealand, two biological control products based on Trichoderma species, viz. Tenet® 
(T. atroviride LC52) and Unite® (T. harzianum), are commercially available for control of a 
number of soil-borne pathogens. However neither of these is registered for use on carrots 
(Anonymous, 2010c), and no information is available about their effects on A. radicina. The 
activity of both these products against many soil-borne fungal pathogens (Table 2.3) indicates 
that they may be effective in control of A. radicina. 
In New Zealand, Merfield (2006) assessed the efficacy of a range of biological control agents 
against mycelial growth of A. radicina in the laboratory and development of foliar disease 
symptoms in a greenhouse and in field experiments. The author used the commercial products 
based on B. subtilis (Serenade®), T. atroviride (Trichoflow®), T. viride (Sentinel®) and 
Effective Microorganisms EM (New Zealand Nature Farming Society Inc., Christchurch). In 
the laboratory (through a dual culture assay) T. viride and T. atroviride demonstrated activity 
against A. radicina but no antagonist gave satisfactory control in the greenhouse or field. 
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Table 2.3  Soil-borne pathogens controlled by Trichoderma atroviride and T. harzianum 
in various host plants. 
Biological 
control agent 
Soil-borne pathogen(s) Host plant References 
Rhizoctonia solani Potato McBeath et al., 1995 
Fusarium culmorum Wheat Roberti et al., 2000 
Sclerotium cepivorum Onion Stewart and McLean, 2004; 
McLean et al., 2005; Stewart 
et al., 2007 
Rosellinia necatrix Avocado Ruano Rosa and López 
Herrera, 2009 
S. sclerotiorum Canola Matroudi et al., 2009 
Trichoderma 
atroviride 
S. rolfsii Chick pea Prabha et al., 2009 
 
R. solani Soybean Dutta and Das, 1999 
R. solani and S. rolfsii Green bean Mishra et al., 2000 
F. solani, F. oxysporum 
and Macrophomina 
phaseolina 
Grapevine El-Mohamedy et al., 2010 
F. udum Pigeon pea Prasad et al., 2002 
S. sclerotiorum Pea Knudsen et al., 1991 
R. solani, S. homeocarpa 
and Pythium graminicola 
Turf grass Lo et al., 1996 
Trichoderma 
harzianum 
S. cepivorum Onion McLean et al., 2001 
 
 
Coles et al. (2003c) studied the effect of the antagonist Gliocladium virens (syn. Trichoderma 
virens) against A. radicina infection of carrot umbels in the field. Umbels were treated with 
G. virens 7 days after or 3 days before inoculation with A. radicina. They found that the 
umbels inoculated with only A. radicina had 97% infected seeds as compared to 28% in seeds 
from naturally infected umbels, and that the umbels treated with G. virens 3 days before or 7 
days after inoculation with A. radicina had significantly (P≤0.05) reduced seed infections of 
49 and 52%, respectively (Figure 2.13). 
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Figure 2.13 Percentage of carrot seeds infected with Alternaria radicina at harvest after 
application of Gliocladium virens. C=non inoculated control, I=control 
inoculated with A. radicina, T7=inoculated with A. radicina 7 days after 
treatment with G. virens, T3=inoculated with A. radicina 3 day before 
treatment with G. virens (Coles et al., 2003c). 
 
Köhl et al. (2004) conducted a laboratory trial to evaluate the biological control activity of 
Ulocladium atrum on colonisation of A. radicina on necrotic tissue of carrot flowers and 
fruits. They used four sterilised (gamma irradiated) dried flower or fruits and artificially spray 
inoculated them with A. radicina at two concentrations i.e. 103 or 104 conidia mL-1. The 
pathogen inoculated samples were incubated for 8 h at 18ºC prior to inoculation with U. 
atrum (106 conidia mL-1) or water (used as the control). After inoculation the samples were 
further incubated for 14 days at the same temperature. They found that U. atrum significantly 
(P≤0.05) reduced colonisation of A. radicina on both flowers and fruits when the pathogen 
was applied at 103 conidia mL-1 concentration as compared to the control (water treatment), 
but not when applied at 104 conidia  mL-1 (Table 2.4). Following this laboratory trial they also 
conducted field trials to evaluate the biological control activity of U. atrum on colonisation of 
A. radicina on carrot seed. They used naturally infested umbels or umbels artificially sprayed 
with A. radicina, at the same two inoculation levels, applied at the beginning of the flowering. 
Following the pathogen inoculation the biological control agent was sprayed at the same 
concentration at the beginning of flowering of secondary umbels and the biological control 
agent spray was repeated three weeks later, while the control plants were sprayed with water. 
When the harvested seeds were tested for infection, U. atrum had significantly (P≤0.05) 
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reduced the mean percentage of A. radicina infected seeds as compared to the water control 
(Table 2.5). 
 
Table 2.4  Effects of Ulocladium atrum on colonisation of necrotic tissues of individual 
flowers and fruits of carrot by Alternaria radicina under laboratory conditions 
(Köhl et al., 2004). 
Treatments Percentage coverage with sporulating Alternaria spp. after 
inoculation with A. radicina (conidia mL-1) 
 103 104 
Flowers 
Water 64.5 62.5 
U. atrum 16.7* 59.6 
Fruit 
Water 73.1 71.3 
U. atrum 16.3* 68.3 
*Statistically significant difference between water and U. atrum treatment (LSD test at 
P≤0.05). There was no significant (P>0.05) interaction between antagonist treatment and 
level of A. radicina inoculation. 
 
 
Table 2.5  Effects of treatment of carrot flowers with Ulocladium atrum on colonisation 
of carrot seeds by Alternaria radicina under field conditions (Köhl et al., 
2004). 
Treatments Percentage seed infected with Alternaria radicina 
Inoculation with A. radicina (conidia mL-1)  
0 103 104 Mean 
Experiment 1     
Water 6.0 56.0 82.3 48.1 
U. atrum 0.7 25.7 54.3 26.9* 
Experiment 2     
Water 5.1 55.4 86.9 49.1 
U. atrum 2.0 25.4 58.6 28.7* 
* Statistically significant difference between water and U. atrum treatment (LSD test at 
P≤0.05). There was no significant (P>0.05) interaction between antagonist treatment and 
level of A. radicina inoculation. 
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In New Zealand, U. atrum is not commercially available, but another species of Ulocladium 
i.e. U. oudemansii (trade name Botry-Zen®) is available. However, this product has not been 
tested on, or registered for use on, carrots.  
2.4 Conclusions 
Numerous overseas investigations have been done on aspects of A. radicina biology, 
epidemiology and control in carrot, but how they may relate to the pathogen in New Zealand 
carrot seed crops is unknown. Alternaria radicina, while presumably introduced to New 
Zealand in seed, is now believed to be soil-borne in Mid-Canterbury, and the current 
fungicide applications used to control the pathogen are not effective. Therefore the overall 
aims of this research were to develop a soil testing method to identify infested soil, to 
investigate some aspects of the disease cycle that could improve understanding of how control 
strategies might impact on disease development phases, and to investigate the use of a range 
of control methods to prevent infection during vegetative and reproductive carrot growth. 
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     Chapter 3 
 Development of a soil testing method to identify 
Alternaria radicina infested soils  
3.1 Introduction 
As Alternaria radicina is a soil-borne pathogen, knowing soil inoculum levels may be a 
useful tool to assist management of the disease i.e. by avoiding growing carrot in severely 
infected fields. Alternaria radicina in soil can be identified using soil dilution plating onto an 
A. radicina semi-selective agar (ARSA) medium (Pryor et al., 1998). Although this medium 
has been successfully used for quantification of soil-borne A. radicina in California and South 
Australia, it has not been tested for efficacy in New Zealand soils. There are at least two other 
potential detection methods for soil-borne pathogens, viz. baiting and molecular detection, but 
they have also not been investigated for their ability to identify A. radicina infested soils. 
Baiting for soil-borne pathogens can be very effective in assessing soil-borne inoculum 
qualitatively as well as quantitatively (Sanfuentes et al., 2002). When pieces of plant tissues 
are used as bait, the success of the baiting depends on the competitive saprophytic ability of 
the target pathogen compared to other soil microbes within a specific plant tissue (Sanfuentes 
et al., 2002). Alternaria radicina is a saprophytic fungus, and therefore baiting with pieces of 
carrot plant parts, especially roots, might be useful for quantifying soil-borne inoculum. 
A molecular (PCR) method has been reported for the identification of A. radicina (see Section 
2.3.4). However, this molecular analysis has been restricted to diagnosis of the pathogen in 
seed, and no work has been done on using it to detect and quantify A. radicina in infested soil. 
This is probably due to the inherent difficulties in extracting and purifying DNA from soil 
samples (Kozdrój & Elsas, 2000). While quantification by conventional PCR methods is 
difficult, real time PCR could be useful for quantification of this species (Ashizawa et al., 
2010). Recently, researchers have achieved considerable success by using a quantitative PCR 
assay for detecting soil-borne pathogens (Ashizawa et al., 2010; Huang & Kang, 2010; Xiang 
et al., 2010).  
In this Chapter, research to find a suitable method that could be used to identify A. radicina 
infested soils is presented. In addition, three small experiments connected to the 
PCR/selective agar methods included in this chapter are appended. While they are not directly 
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related to the overall goal for the Chapter, they do use the PCR assay or selective agar assay 
reported in this chapter.  
3.2 Materials & Methods 
3.2.1 Soil dilution plating on semi-selective agar 
Alternaria radicina semi-selective agar (ARSA) medium was originally developed to detect 
seed-borne A. radicina (Pryor et al., 1994). The same medium but without 2,4-
dichlorophenoxyacetic acid (needed to inhibit carrot seed germination) was later used by 
Pryor et al. (1998) to quantify A. radicina in infested soils. This modified medium (Pryor et 
al., 1998) was used to determine selectivity and sensitivity for identifying A. radicina infested 
soils in Canterbury. 
A silt loam soil (see Appendix A.2) was used for the experiment. Six lots of 50 g of the 
processed soil were weighed and spread onto each of six plastic trays.  
A mixed conidial suspension of three isolates of A. radicina (iolate no. 11, 33, 47; Table 3.1) 
was prepared using the method described in Appendix A.3. A stock concentration of the 
mixed conidial suspension was prepared using a haemocytometer and adjusted to 106 conidia 
per mL by diluting with sterile distilled water. From the stock suspension, five conidial 
concentrations (1 × 102, 1 × 103, 2.5 × 103, 5 × 103 and 1 × 104 conidia/mL) were prepared by 
diluting the stock with sterile distilled water. From each concentration, a 5 mL aliquot was 
added to each of five of the six soils on a plastic tray to achieve the desired soil inoculation 
levels of 10, 100, 250, 500 and 1000 CFUs/g soil, respectively. A 5 mL aliquot of sterile 
distilled water added to the sixth soil was the control. The soil was thoroughly mixed using a 
spatula and allowed to air dry in a laminar flow cabinet for 24 h to allow the conidia to bind 
with soil particles. The air dried inoculated soil was again thoroughly mixed using a spatula 
and a sub sample (5 g) was drawn from each inoculated soil and used to calculate the A. 
radicina population density on modified ARSA medium using the soil dilution method 
(Appendix A.1).  
The experiment was repeated three times and the average number of A. radicina colonies 
recovered from the three experiments from each inoculated sample was plotted against the 
adjusted soil inoculation level, except for the non-inoculated control. The medium was also 
assessed for its ability to identify A. radicina in the presence of other soil contaminants. 
Colony recovery data from each of the amended soils were averaged.  
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The original ARSA medium with 2, 4-D (Pryor et al., 1994) was tested to differentiate the 
growth of A. radicina from a newly identified pathogen, A. carotiincultae (see Section 3.7). 
Culture morphology of A. carotiincultae has never been described on ARSA medium so a 
pure culture of three isolates of each fungus (A. radicina isolates 11, 33 and 47; A. 
carotiincultae isolates 8, 9 and 46; see Section 3.2.3) was plated on this medium and 
incubated for 14 days in the dark at 27°C. The growth of each fungus was visually monitored 
daily to identify distinguishing characteristics.  
3.2.2 Baiting 
Soil-borne A. radicina is pathogenic to carrot roots, so they were used as the bait tissue. For 
baiting, two types of carrots were selected, 1: carrot roots purchased from a supermarket, and 
2: MID A16, a moderately susceptible parent line growing in a Mid-Canterbury field. For 
MID A16, eight months old carrot plants were uprooted and the shoots cut-off from the point 
of attachment with the roots using a sharp knife. Apparently healthy roots, with no sign of 
disease symptoms, and of similar size, were brought to the laboratory and washed under tap 
water to remove any soil. Both supermarket carrot and MID A16 carrot roots were sliced 
transversely into cylindrical shapes (5 mm thick) using a sharp knife, and surface sterilised in 
a 0.3% sodium hypochlorite solution (NaOCl) for 3 min, then rinsed thrice in sterilized 
distilled water (SDW).  
Soil is a complex environment where the carrot bait could be colonised by many non-target 
and fast growing fungal and bacterial saprophytes. To minimise their attack, the surface 
sterilised root slices were dipped into a mixed suspension of the fungicides and antibiotics 
used in the ARSA medium (see Appendix B.5) for 1 min, and then used as the bait tissue.  
For this study the same soil as described in Appendix A.2 was collected and processed. Six 
lots of 300 g of the processed soil were each spread onto a plastic sheet. As for Section 3.2.1, 
five concentrations of a mixed conidial suspension of the three isolates of A. radicina were 
prepared. Thirty mL of each of the same five concentrations (1 × 102, 1 × 103, 2.5 × 103, 5 × 
103 and 1 × 104 conidia/mL) were aliquotted and added to each soil to achieve the desired soil 
inoculum levels (10, 100, 250, 500 and 1000 conidia/g soil). A 30 mL aliquot of sterile 
distilled water was added to the sixth soil as the control. The soils were air dried by placing 
them in a laminar flow cabinet for 24 h. The soil for each inoculation level was separately 
mixed using a spatula, and two lots of six replicates of 50 g soil were placed into 25 mm deep 
Petri plates.  
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For each replicate plate seven carrot root pieces were placed on the soil (Figure 3.1) and 
sprayed with 20 mL SDW. The Petri plate was sealed with cellophane and incubated at 20ºC 
in the dark. Every 24 h the incubated baits were visually observed for any colonisation and if 
the baits or soil looked dry they were misted with SDW. Colonised baits were removed after 7 
days of incubation, washed under tap water to remove the soil and fungal growth, surface 
sterilized as mentioned above, and plated on ARSA medium. The percentage of baits which 
produced A. radicina colonies on ARSA medium was calculated. The experiment was 
repeated three times and the average number of colonies recovered at each time was plotted 
against the soil inoculation levels, except for the non-inoculated control.  
 
Figure 3.1 Arrangement of cylindrical sections of carrot roots used as a bait plant tissue to 
quantify Alternaria radicina soil-borne inoculum.  
 
3.2.3 Polymerase Chain Reaction (PCR) 
3.2.3.1 Cultures of Alternaria and other fungal species 
Details of the fifty seven fungal isolates used in this study are given in Table 3.1. The isolates 
were selected based on their morphological, culture and sporulation characteristics. The 
isolated fungi were grown on Potato Dextrose Agar (PDA) (Difco laboratories, USA; 
Appendix B.1). In order to produce pure culture from a single conidium, all the fungi were 
individually grown on PDA at 22°C for 7 days in the dark. Conidia from each fungus were 
suspended in a 10 mL solution of sterilised RO (reverse osmosis) water + 0.01% Tween 80 
using a disposable hockey stick to gently dislodge conidia. To separate out hyphal fragments, 
 37 
the suspension was filtered through two layers of sterile lens tissue (Whatman® 105, England) 
and collected in a sterile universal bottle. The concentration of the collected conidial 
suspension was adjusted to 100 conidia/mL by diluting with SDW, and a 0.1 mL aliquot from 
each suspension was spread on PDA plates using a disposable hockey stick and then placed at 
20°C in the dark. After 48 h, a single colony was excised from the medium and cultured on a 
fresh PDA plate under the same conditions. These cultures were then each transferred to a 
PDA slant, stored at -20°C, and subsequently recultured every 6 months onto PDA.  
Table 3.1  Details of fungal isolates used in the experiment. 
Isolate no. Name of fungus Source Isolate no. Name of fungus Source  
1 A. radicina Carrot root * 30 A. brassicae AsureQuality # 
2 A. radicina Soil * 31 A. arborescens Soil * 
3 A. radicina Soil * 32 A. arborescens Soil * 
4 A. radicina Carrot seed * 33 A. radicina Carrot seeds * 
5 A. radicina Carrot leaves * 34 A. carotiincultae Carrot seeds * 
6 A. radicina Carrot leaves * 35 A. carotiincultae Carrot seeds * 
7 A. radicina Carrot seed * 36 A. carotiincultae Carrot seeds * 
8 A. carotiincultae Carrot seeds * 37 Fusarium sp. Soil * 
9 A. carotiincultae Carrot seeds * 38 Fusarium sp. Soil * 
10 A. radicina Carrot seed * 39 F. solani Soil * 
11 A. radicina Carrot seed * 40 A. alternata Carrot seeds * 
12 A. radicina Carrot seed * 41 Trichoderma sp. Soil * 
13 A. radicina Honey bee * 42 Fusarium sp. Soil * 
14 Ulocladium sp. Soil * 43 Fusarium sp. Soil * 
15 Fusarium sp. Soil * 44 Fusarium sp. Soil * 
16 A. alternata Honey bee * 45 A. carotiincultae Carrot seeds * 
17 A. arborescens Carrot leaf * 46 A. carotiincultae Carrot seeds * 
18 A. dauci Carrot leaf * 47 A. radicina Soil * 
19 Fusarium sp. Soil * 48 A. radicina Honey bee * 
20 Fusarium sp. Soil * 49 A. radicina Honey bee * 
21 Ulocladium sp. AsureQuality # 50 A. alternata AsureQuality # 
22 Lewia infectoria AsureQuality # 51 A. dauci AsureQuality # 
23 L. infectoria AsureQuality # 52 A. dauci AsureQuality # 
24 L. infectoria AsureQuality # 53 A. dauci AsureQuality # 
25 L. infectoria AsureQuality # 54 A. alternata AsureQuality # 
26 L. infectoria AsureQuality # 55 A. alternata AsureQuality # 
27 A. alternata AsureQuality # 56 A. brassicola AsureQuality # 
28 A. infectoria AsureQuality # 57 A. brassicola AsureQuality # 
29 A. infectoria AsureQuality #    
*  isolates collected during this study from different soils, carrot plant parts or from honey bees
 
found in Mid-Canterbury carrot seed crop fields # isolates provided by the AsureQuality Ltd,
 
Plant Pest Laboratory, Lincoln. 
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3.2.3.2 Extraction of genomic DNA 
A 7 mm diameter plug was excised from the margin of a 7 day old PDA culture of a purified 
isolate derived from a single conidium of each fungal species and aseptically transferred to 
potato dextrose broth (Difco Laboratories, USA) in 250 mL Erlenmeyer flasks. The isolates 
were allowed to form a mycelial mat for 3 to 5 days at 22°C.   
Genomic DNA of all the fungal isolates was extracted using the Puregene® DNA purification 
kit according to the protocol of the manufacturer. Mycelia were harvested by filtration 
through sterile Miracloth™ (Calbiochem, USA), snap frozen in liquid nitrogen and stored at -
80°C. The frozen mycelium was ground to a fine powder with a mortar and pestle. The 
ground tissue (100 mg) was added into a cooled 1.5 mL tube, a 300 µL aliquot of cell lysis 
solution was added (Qiagen, Inc., USA), the solution was homogenised thoroughly by 
pipetting, and then incubated for 60 min at 65ºC. To remove RNA, 1.5 µL RNaseA solution 
(4 mg/mL; Invitrogen™) was added to the cell lysate, mixed well by inverting the tube 25 
times, and incubated at 37°C for 60 min. The samples were cooled to room temperature by 
placing them on ice for 1 min. A 100 µL aliquot of protein precipitation solution (Qiagen, 
Inc., USA) was added to the lysate, vortexed vigorously for 20 s, and centrifuged at 13000 × g 
for 3 min. The precipitated protein formed a pellet and the supernatant containing the 
genomic DNA was collected into a clean 1.5 mL tube. To the supernatant 300 µL of ice cold 
100% isopropanol was added and mixed by inverting the tube gently 50 times. The sample 
was centrifuged at 13000 × g for 1 min with the precipitated DNA forming a pellet. The 
supernatant was carefully decanted, and 300 µL of 70% ethanol was added and the pellet 
washed by inverting the tube several times. The sample was again centrifuged at 13000 × g 
for 1 min and the ethanol carefully decanted without disturbing the DNA pellet. The DNA 
pellet was allowed to air dry for 15 min, then 50 µL of Puregene® DNA hydration solution 
(DHS) (Gentra Systems, USA) was added to rehydrate the DNA, and the suspension was then 
incubated at 65°C for 1 h. The quantity and purity of the extracted DNA was assessed using 
the NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, USA) and each 
sample was adjusted to a final concentration of 10-20 ng/µL with DHS and stored at -20°C.  
3.2.3.3 Amplification of the rRNA gene region 
Amplification of a portion of the rRNA gene region of each fungal isolate was done using 
both the conventional and the SYBR Green® quantitative realtime (SYBR®) PCR assays. 
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3.2.3.3.1 Conventional PCR assay 
An A. radicina species-specific primer pair (ARF2 and ARR3; Table 3.2) that amplified part 
of the ITS-1 and ITS-2 regions encompassing the 5.8S of rRNA, was designed by 
Konstantinova et al. (2002). The same primer pair was tested in this study to check its 
specificity and sensitivity to distinguish A. radicina from other fungal species.  
For the specificity test, the extracted genomic DNA of all 57 fungal isolates was amplified 
separately by using either the species-specific primers or universal primers (ITS4 and ITS5, 
used for +ve control sample; Table 3.2). For each PCR reaction, 10 ng DNA (1 µL) was 
mixed with 24 µL of a PCR mixture containing 1 × buffer (Roche) with 1.5 mM MgCl2 
(Roche), 200 µM of each dNTP (Fermentas), 5 pmol of each forward and reverse primer 
(Invitrogen™), and 1.25 U Faststart® Taq polymerase (Roche) in a 200 µL tube. For the 
negative control sample, nuclease free water (Fermentas) replaced the DNA template.  
Table 3.2 Nucleotide sequence of the primers used in this study. 
Primer name Nucleotide sequence 5’              3’ Reference 
Universal    
ITS4 TCCTCCGCTTATTGATATGC  White et al., 1990 
ITS5 GGAAGTAAAAGTCGTAACAAGG  White et al., 1990 
Species-specific    
ARF2 AATCAGCGTCAGTAAACAAACG  Konstantinova et al., 2002 
ARR3 AGAGGCTTTGTGGATGCTG  Konstantinova et al., 2002 
β-tubulin gene   
Bt1a TTCCCCCGTCTCCACTTCTTCATG  Glass and Donaldson, 1995 
Bt1b GACGAGATCGTTCATGTTGAACTC  Glass and Donaldson, 1995 
 
DNA amplification was done using an Eppendorf Mastercycler® Gradient PCR machine 
(Eppendorf-Netherler-Hinz Ltd, Hamburg, Germany) with the following thermal cycles: for 
the universal primers, the samples were initially denatured at 94ºC for 3 min; then 35 cycles 
of: denaturation at 94ºC for 2 min, annealing at 57ºC for 30 s and extension at 72 ºC for 1 
min, followed by the final extension at 72ºC for 10 min. For the species-specific primer pair, 
cycling conditions were the same as for the universal primer pair, except that annealing was 
done at 70ºC for 40 s and the final extension at 72ºC for 5 min. At the end of the thermal 
cycling the PCR products were held at 4ºC until recovery. 
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The PCR product (5 µL) and 1 kb plus DNA ladder (Invitrogen™, USA) were separately 
mixed with 2 µL of 6× loading dye (Appendix B.6) and separated by electrophoresis on a 1% 
agarose gel in 1× TAE buffer (Appendix B.7) at 10 V/cm for 45-60 min. The DNA band was 
visualised by staining with ethidium bromide (0.5 µg/mL) for 10 min prior to exposure to UV 
light and photography using the Versadoc Imaging Systems Model-3000 (Bio-Rad, USA). 
For the PCR assay sensitivity test, genomic DNA from A. radicina (isolate no. 33, Table 3.1) 
was serially diluted five times to concentrations of 10 ng/µL, 1 ng/µL, 100 pg/µL, 10 pg/µL 
and 1 pg/µL. The PCR master mix for the species-specific and the universal primer pairs were 
prepared as described above except that the template DNA was 1 µL of each of the five 
serially diluted A. radicina DNA solutions. The amplification of genomic DNA and the 
electrophoresis of the PCR products using each of the primer pairs were done as described 
above.  
Neither the universal nor the species-specific primer pair could differentiate between A. 
radicina and A. carotiincultae. To confirm the respective identities of these cultures, the β-
tubulin gene region of three randomly chosen isolates each of A. radicina (isolate no. 11, 33 
and 47; Table 3.1) and A. carotiincultae (isolate no. 8, 9 and 46; Table 3.1) were amplified 
using primers Bt1a and Bt1b (Park et al., 2008; Table 3.2). For each PCR reaction, 10 ng 
DNA was mixed with 24 µL of PCR mixture containing 1× buffer, 200 µM of each dNTP, 25 
mM MgCl2, 5 pmol of each primer, and 2 U Ampli Taq (Applied Biosystems, USA) in a 200 
µL PCR tube. The DNA template was amplified using the following thermal cycle 
parameters: initial denaturation at 94ºC for 5 min and then 35 cycles of: denaturation at 94ºC 
for 40 s, annealing at 55ºC for 40 s and extension at 72ºC for 1 min, followed by the final 
extension at 72ºC for 15 min. The PCR product was separated on an electrophoresis gel as 
described above and then the sequenced PCR was separated using the automated sequencer 
ABI PRISM® 3100-Avant Genetic Analyzer (Applied Biosystems, USA) at the Lincoln 
University Sequencing Facility. For each sequencing reaction, 1 µL containing 10 ng template 
was mixed with 9 µL of a PCR mixture containing 2.0 µL 5× sequencing buffer (Applied 
Biosystems, USA), 5 pmol primer, and 0.5 µL BigDye® Terrminator v. 3.1 (Applied 
Biosystems, USA). The template was sequenced using the following thermal cycle 
parameters: initial denaturation at 96ºC for 1 min and then 25 cycles of: denaturation at 96ºC 
for 10 s, annealing at 50ºC for 5 s and extension at 60ºC for 4 min. The forward and reverse 
nucleotide sequences were manipulated using the software DNAMAN version 4.0a (Lynnon 
Biosoft®). The sequences were then compared with sequences present on GenBank 
(http://www.ncbi.nlm.nih.gov/) using a BLAST search to confirm the organism identity. The 
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sequences of the three isolates of each fungus were compared to determine nucleotide 
differences using a multiple sequence alignment option of DNAMAN Version 4.0a. 
For identification of the other Alternaria and other fungal isolates, the rRNA gene region 
including the ITS region of at least 10% of each species group was amplified using the 
universal primer pair. The amplified PCR product of each isolate was sequenced and 
compared with other sequences present in GenBank as described above. 
3.2.3.3.2 SYBR Green® realtime PCR assay 
The SYBR Green® realtime PCR assay was done to test the sensitivity of the species-specific 
primers for quantifying soil-borne inoculum.  
3.2.3.3.2.1 Sensitivity and specificity of species-specific primers for pure genomic DNA of A. 
radicina and soil DNA spiked with pure genomic DNA 
The sensitivity of ARF2 and ARR3 primers was tested on serially diluted genomic DNA 
(isolate no. 33, Table 3.1) and a soil DNA extract (free from A. radicina) spiked with the pure 
genomic DNA. Genomic DNA from A. radicina was serially diluted seven times to achieve 
concentrations of 100 ng/µL, 10 ng/µL, 1 ng/µL, 100 pg/µL, 10 pg/µL, 1 pg/µL and 0.1 
pg/µL. 
For soil DNA extraction, the same soil as described in Appendix A.2 was collected and 
processed. Five grams of soil was added to 45 mL of sterile distilled water in a 250 mL bottle, 
shaken using a Wrist action shaker (Griffin) at maximum speed (1000 rpm) for 15 min to 
disperse the soil particles, and placed on a bench for 2 min to allow all heavy soil particles to 
settle. The suspension was poured into a 50 mL tube and centrifuged at 2600 × g for 15 min. 
The supernatant was discarded after checking three 20 µL suspensions under the microscope 
for any fungal propagules, and if required, it was again centrifuged. The supernatant was 
decanted by careful pipetting and the wet soil pellet in the bottom of the tube was weighed. 
The average weight of the pellet was ~750 mg. The soil pellet was then well mixed in the tube 
using a spatula. In the PowersoilTM DNA kit (MO BIO laboratories, CA) only 250 mg soil can 
be processed in one Powerbead tube, so 1/3rd of the wet soil pellet was added to a tube and the 
remaining soil pellet was discarded. The DNA from the soil was extracted according to the 
manufacturer’s instructions. The extracted DNA was then suspended in a 100 µL sterile 
elution buffer. The soil DNA was concentrated according to the manufacturer’s instructions 
and the final DNA sample resuspended in 10 µL buffer. Similarly six more replicate soil 
samples were processed, and their extracted DNA of the seven samples was combined. From 
the combined soil DNA, seven 9 µL aliquots were each placed into an Eppendorf tube. Each 
of the aliquots was then spiked with 1 µL from each of the serially diluted genomic DNA of 
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A. radicina (100 ng to 0.1 pg) to achieve the desired seven DNA concentrations (10 ng/µL to 
0.01 pg/µL).  
Thus, two sets of serially diluted A. radicina DNA with concentrations ranging from 10 
ng/µL to 0.01 pg/µL were produced, one using genomic DNA and one in which the genomic 
DNA was mixed with the soil DNA extracts. These extracts were amplified concurrently 
using realtime PCR assay to determine the sensitivity of the species-specific primers and the 
inhibition potentially caused by extracting DNA from soil.  
For each realtime PCR reaction, 1 µL of DNA from each dilution was mixed with 15 µL of 
PCR mixture containing 1× buffer, 200 µM of each dNTP, 1.5 mM MgCl2, 2.5 pmol of each 
primer, 1.25 U Faststart® Taq polymerase, 5 ng bovine serum albumin (BSA), 0.4 µL Rox 
reference dye (Invitrogen™) and 0.23 µL SYBR Green® dye (1:10000) in PCR tubes. 
realtime PCR was done in duplicate for each DNA sample and the negative control sample 
(without the DNA template), in semi-skirted 96-well PCR plates (Neptune™) which were 
sealed with 0.0508 mm thick PCR/realtime PCR seals (Neptune™). The plates were 
centrifuged at 650 × g for 1 min to remove any air bubbles from the liquid and then placed in 
a thermal cycler (ABI Prism 7000 sequence detection system, Applied Biosystems) for the 
amplification of the targeted rRNA gene region using the following protocol: samples were 
preheated at 94ºC for 3 min then subjected to 40 cycles of: denaturation at 94ºC for 2 min, 
annealing at 70ºC for 40 s and extension at 72ºC for 1 min, followed by a dissociation step at 
95ºC for 15 s, 60ºC for 20 s and 95ºC for 15 s which was used to test primer specificity and 
the production of a single amplicon.  
The sensitivity of the species-specific primer pair and the inhibition of DNA extraction and 
the PCR assay caused by soil were determined by comparing the two standard curves 
obtained from the threshold cycles (CT). The CT is the cycle number at which the fluorescence 
exceeds an established threshold. The CT values are inversely proportional to the amount of 
DNA present in the sample. Amplification efficiency of the SYBR Green® realtime PCR 
assay was calculated from the slope of the standard curve:  
Amplification efficiency% = (10-1/slope-1) × 100  
The specificity of the assay was determined by dissociation curve analysis and by separating 
the realtime PCR products on agarose gel electrophoresis using the same method as described 
in Section 3.2.3.3.1.  
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To check the specificity of the primer pair for A. carotiincultae, serially diluted genomic 
DNA (10 ng to 0.1 pg) was tested using the same method as described above for A. radicina. 
Efforts were made to remove the primer dimers by increasing the DNA template, decreasing 
the primer concentration and increasing the annealing temperature, but they were not 
successful (data not shown). 
3.2.3.3.2.2 Genomic DNA obtained from A. radicina conidia  
A conidial suspension was harvested from a 7 day old culture of A. radicina and collected in 
sterile distilled water (Appendix A.3). The concentration of the mixed conidial suspension 
was adjusted to 105, 104, 103, 102, 50, 25 and 10 conidia/mL by diluting with SDW. The DNA 
from the different conidial concentrations was extracted using a PowersoilTM DNA kit 
according to the manufacturer’s instructions. The beads and buffer in each PowerBead tube in 
the kit were decanted into another tube. Three replicates each of 1 mL of conidial suspension 
from each concentration was aliquoted into the PowerBead tube and centrifuged at 13000 × g 
for 15 min. A conidial pellet was formed at the bottom of the tube, the supernatant carefully 
pipetted out, and the buffer and the beads added back to resuspend the pellet. The conidial 
DNA was extracted as described above for the soil DNA extraction in Section 3.2.3.3.2.1 and 
suspended in a 100 µL sterile elution buffer (10 mM Tris). The extracted DNA sample was 
concentrated following the manufacturer’s instruction and the final DNA suspended in 10 µL 
sterile elution buffer. The three replicate DNA extracts from each conidial concentration were 
combined by vortexing to make a representative sample. For each of the DNA extracts the 
amount of DNA in 1 µL was equivalent to the amount of DNA in 104, 103, 102, 101, 5, 2.5 and 
1 conidia, respectively. Each realtime PCR was done using 1 µL of each conidial DNA 
extract as a template. All reactions were done in duplicate and the thermal cycling was done 
as described in Section 3.2.3.3.2.1. The standard curve was obtained from the CT values and 
the amplification efficiency was calculated as described in Section 3.2.3.3.2.1. 
3.2.3.3.2.3 DNA extraction from soil artificially inoculated with known amounts of A. radicina 
inoculum 
The soil described in Appendix A.2 was collected and processed (see Appendix A.2). Six lots 
of 50 g soil were weighed and placed in a plastic tray. A mixed conidial suspension of three 
isolates of A. radicina was prepared as described in Appendix A.3. A stock of mixed conidial 
concentration was adjusted to 6 × 106 conidia/mL. From this stock five ten-fold serially 
diluted concentrations (6 × 105 to 6 × 101 conidia/mL) were prepared. A 5 mL aliquot from 
each of the five serially diluted conidial concentrations was artificially added to five out of the 
six soils to achieve inoculation levels of 6 × 104, 6 × 103, 6 × 102, 6 × 101 and 6 conidia/g soil, 
 44 
respectively. A 5 mL aliquot of sterile distilled water was added to the sixth soil which was 
the control. The soils were air dried in a laminar flow cabinet for 24 h. The air dried soil was 
homogenised using a spatula and three replicates of 5 g soil from each soil inoculation 
concentration were used to extract DNA using the method as described in Section 3.2.3.3.2.1. 
The extracted DNA sample was concentrated following the manufacturer’s instruction and the 
final concentrated DNA suspended in 10 µL buffer. The three replicate DNA samples from 
each soil inoculation level were mixed together to make a representative sample. For each of 
the DNA extracts the amount of DNA in 1 µL was equivalent to the amount of DNA in 
104,103, 102, 101 and 1 conidia, respectively. 
The realtime PCR reaction was done in duplicate using 1 µL of each DNA extract as 
template. The PCR master mix and the thermal cycling were done as described in Section 
3.2.3.3.2.1. The standard curve was obtained from the CT values and the amplification 
efficiency calculated as described in Section 3.2.3.3.2.1. 
3.2.3.3.2.4 DNA extracted from naturally A. radicina infested soil 
Soil (silt loam) samples from six Mid-Canterbury fields known to be naturally infested with 
A. radicina were collected across a zig zag traverse to a depth of 5 cm using a soil corer (2.5 
cm diameter). The soil samples were processed as described in Appendix A.2. Soil DNA from 
the six field soil samples was extracted using the method as described in Section 3.2.3.3.2.1. 
The quantity of A. radicina inoculum in each soil was determined on ARSA medium by using 
the soil dilution method described in Appendix A.1. 
The soil DNA from three replicates from each of the six soil samples was separately extracted 
using the method described in Section 3.2.3.3.2.1. The extracted DNA of each replicate was 
concentrated and mixed together for each soil sample to make a representative sample as 
described in Section 3.2.3.3.2.1. To determine the quantity of DNA and conidia in soil from 
the six soil samples, two standard curves, one from serially diluted genomic DNA (10 ng to 
0.1 pg) (isolate no. 33, Table 3.1) and one from soil inoculated with conidia (105 to 101 
conidia/g soil), were used.  
Realtime PCR for the extracted DNA from the six soil samples was done in triplicate. 
However, the standard curves, generated from genomic DNA (10 ng to 0.1 pg) and soil 
inoculated with conidia (105 to 101 conidia/g soil), were performed in duplicate. 
Quantification of the DNA and the number of conidia present in the six soil samples was 
automatically extrapolated from the CT of the standard curves. The interpolated CT values for 
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the six soil samples per reaction was then converted into DNA and the relative number of 
conidia per g soil.  
The amplification phase and specificity of the realtime PCR assay were checked following 
each run by inspecting the amplification and dissociation curves of all the realtime PCR 
results and are attached in Appendices E.1-E.9.  
3.2.4 Statistical analysis 
For experiment 3.2.1, data were normally distributed so no transformation was made. 
However, for experiment 3.2.2, to achieve a normal distribution, the x-axis scale was log 
transformed. The collected data from each of the experiments were fitted into a linear model 
and analysed through correlation and regression. 
For experiment 3.2.3, the standard curve generated from the CT values was analysed by 
correlation and regression. For the unknown infested soil samples the extrapolated values 
obtained from the standard curve generated from genomic DNA or soil inoculated with 
conidia were presented with their standard deviations. 
All the statistical computation was carried out using Genstat Edition 12 (Lawes Agricultural 
Trust, Rothamsted Experimental Station, Hertfordshire, UK). 
3.3 Results 
3.3.1 Selective agar medium 
There was a significant (P<0.001) and positive linear relationship (R2=0.998) between the soil 
inoculation levels and A. radicina recovery on ARSA medium (Figure 3.2). No A. radicina 
colonies were recovered from the non-inoculated control soil. Recovery averaged 95.5% of 
the CFUs from the artificially amended soils. However, ARSA is a semi-selective medium, 
and while it effectively suppressed all bacterial contaminants, it could not prevent the growth 
of some unwanted fungal colonies. The most common contaminants in the medium were A. 
alternata, Stemphylium spp., Ulocladium spp. and Fusarium spp. However, even in the 
presence of these contaminants, A. radicina colonies could be readily detected because they 
produced distinctive dark black hyphae that grew down into the medium with little aerial 
growth (see Figure 2.3C).  
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Figure 3.2  Relationship between Alternaria radicina soil inoculation levels and pathogen 
recovery on ARSA medium. 
 
 
ARSA medium was also suitable for distinguishing A. carotiincultae colonies from those of 
A. radicina. The former had diffuse and light black pigmented colonies, while the latter had 
dense and dark black pigmented colonies (Figure 3.3). The former fungus formed feathery 
hyphal growth at the edges of the colonies, while the latter did not (Figure 3.3).  
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Figure 3.3  Colony growth and appearance of (A) Alternaria carotiincultae and (B) A. 
radicina on ARSA medium from the under surface of a Petri plate. 
3.3.2 Baiting  
For the non-inoculated control soil no baits from either the supermarket carrot or MID A16 
were colonised with A. radicina. For the inoculated soil, there was a significant (P=0.04) 
linear relationship between colonised baits and A. radicina levels for MID A16, but none 
(P=0.07) for carrot root obtained from the supermarket (Figure 3.4). The coefficient of 
determination suggested that the baits made from the MID A16 roots (R2=0.81) were more 
efficient as baits than the supermarket carrot roots (R2=0.71) (Figure 3.4). At all inoculum 
levels, baits made from MID A16 carrot root were readily colonised, but the baits from 
supermarket carrot roots were not colonised at the two lower inoculum levels (≤100 CFUs/g 
soil) (Figure 3.4). For these two lower A. radicina soil inoculum levels, baits from both carrot 
sources were more readily colonised with other saprophytes, such as Fusarium, Trichoderma 
and Pythium, as compared to A. radicina (Figure 3.5).  
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Figure 3.4  Relationship between Alternaria radicina soil inoculation level and percentage 
of colonised carrot root baits. The log10 values of 1, 2, 2.4, 2.7 and 3 are 
equivalent to 10, 100, 250, 500 and 1000 CFUs/g soil, respectively.  
 
  
Figure 3.5  Carrot root baits colonised from soil inoculated with (A) 1000 CFUs and (B) 10 
CFUs of Alternaria radicina/g soil. 
 
3.3.3 Polymerase Chain Reaction 
3.3.3.1 Conventional PCR assay 
 The universal primer pair (ITS4 and ITS5) amplified the DNA extracted from each of the 57 
fungal isolates and the amplicons were between 500–600 bp (Figure 3.6). The species-specific 
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primer (ARF2 and ARR3) amplified DNA only from A. radicina and A. carotiincultae and 
DNA from both species produced the same size band of ~340 bp (Figure 3.7).  
The sensitivity test of the species-specific primer pair through a conventional PCR assay 
showed that the lowest DNA concentration which could be amplified by the universal and 
species-specific primer pairs were 1 pg and 100 pg, respectively (Figure 3.8).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Agarose gel electrophoresis of the amplified rRNA gene region of different 
fungal isolates using the ITS4/ITS5 primer pair. Lane M contains a 1 kb plus 
DNA ladder (Invitrogen); lane C, negative control; and the number given 
above each lane represents the isolate number (see Table 3.1). 
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Figure 3.7  Agarose gel electrophoresis of the amplified rRNA gene region of different 
fungal isolates using the ARF2/ARR3 primer pair. Lane M contains a 1 kb plus 
DNA ladder (Invitrogen™); lane C, negative control; number given above 
each lane represents isolate number (see Table 3.1). Out of all the fungal 
isolates tested, only Alternaria radicina and A. carotiincultae isolates were 
amplified and their numbers are written in blue and red font, respectively. 
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Figure 3.8 Agarose gel electrophoresis of the amplified rRNA gene region of Alternaria 
radicina using the ITS4/ITS5 and ARF2/ARR3 primer pairs. Lane M contains 
a 1 kb plus DNA ladder (Invitrogen™); lane C, negative control; DNA 
concentration given above each lane indicates the amount of DNA template 
added in each PCR reaction.  
 
The β-tubulin primer pair amplified a 414 bp product from both A. radicina and A. 
carotiincultae. The sequences obtained from the three isolates each of A. radicina and A. 
carotiincultae had a maximum of 100% identity to sequences of the same respective species 
present in GenBank (data not shown). The sequences from the three isolates of each species 
were identical to each other. The sequences of A. radicina and A. carotiincultae differed from 
each other at 2 base positions. At base 23 and 83, the former species had a C and A while the 
latter had a T and G, respectively.  
3.3.3.2 SYBR Green® realtime PCR assay  
There was a significant (P<0.001) and strong linear relationship (R2=0.999) between the log 
of the A. radicina genomic DNA concentration and the CT value in the realtime PCR assay 
(Figure 3.9). The amplification efficiency of the SYBR® Green realtime PCR assay calculated 
from the slope of the standard curve (Figure 3.9) was 94.3% according to the formula given in 
Section 3.2.3.3.2.1. These results demonstrated that the amplicon copy number increased by 
1.943 fold in each cycle and that 94.3% of the DNA template was amplified with this assay.  
The standard curve generated for DNA extracted from soil spiked with genomic DNA from A. 
radicina also showed a significant (P<0.001) and strong linear correlation (R2=0.978) 
between the amount of A. radicina DNA added and CT value (Figure 3.9); and the 
amplification efficiency was almost equivalent (94.6%) to that of the genomic DNA from 
pure cultures. In the spiked soil the A. radicina DNA was detected later, by an average of 1.95 
cycle, than the pure A. radicina DNA (Figure 3.9), indicating that PCR inhibitors in the soil 
were not completely eliminated during the DNA extraction process. The lowest DNA 
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template concentration detectable for both genomic DNA from pure cultures of A. radicina 
and from a soil extract spiked with genomic DNA of A. radicina was 100 fg (Figure 3.9).  
Dissociation curve analysis of serially diluted (ten-fold) A. carotiincultae inoculum showed 
that the amplicon product melted at the same temperature (88.4°C) as that of A. radicina 
(Appendix E.9) because the amplified nucleotide sequences of the two Alternaria spp. were 
identical.  
The negative control samples were also often amplified above a CT value of 32 because of 
primer dimer formation which was later confirmed by gel electrophoresis of the amplicon 
generated in the realtime PCR assay (Appendices E1 & E2). 
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Figure 3.9 Standard curve for Alternaria radicina genomic DNA (♦), and extracted DNA 
() from soil spiked with A. radicina DNA in a realtime PCR reaction using 
SYBR® Green chemistry. Cycle threshold (CT) value is plotted against the 
Log10 DNA quantity in fg. Each point is the mean of duplicate samples.  
 
There was a significant (P<0.001) and strong linear correlation between the DNA extracted 
from A. radicina pure conidia (R2=0.9963) and conidia added to soil (R2=0.9959) with the CT 
values (Figures 3.10 & 3.11). The standard curves obtained from pure conidia and the conidia 
in soil showed that the realtime PCR assay could detect as low as 2.5 and 10 conidia/reaction, 
respectively (Figures 3.10 & 3.11). The amplification efficiencies of DNA extracted from the 
pure conidia and the conidia in soil were 98.98% and 100.90%.  
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Figure 3.10 Relationship between CT values and DNA extracted from Alternaria radicina 
conidia tested using a realtime PCR assay.  
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Figure 3.11 Relationship between CT values and DNA extracted from Alternaria radicina 
conidia in soil tested using a realtime PCR assay.  
 
The standard curve generated from the serially diluted (ten-fold) genomic DNA (10 ng to 0.1 
pg) was use to extrapolate the DNA quantity of the pathogen within the six soil samples and 
 54 
these ranged from 1.85 to 2.80 pg/g soil (Table 3.2). A separate standard curve generated 
concurrently from DNA extracted from soil containing a known quantity of conidia (105 to 
102 conidia/g soil) was used to extrapolate the theoretical numbers of conidia/g soil witihin 
the soil samples and ranged from 216 to 336 conidia/g soil (Table 3.2). The number of CFUs 
recovered onto ARSA media from the infested soils from all six samples was lower than the 
realtime PCR result, and ranged from 133 to 233 CFUs/g soil (Table 3.2). 
 
Table 3.2  The realtime PCR and ARSA medium results of six naturally Alternaria 
radicina infested soil samples. 
 Rt- PCR result  ARSA 
medium 
 CT value 
±SD 
DNA (pg)/g soil 
±SD 
Conidia/g soil 
±SD 
 Conidia/g soil 
±SD 
Field 1 27.66 ±0.05 2.80 ±0.01 336 ±10.7  233 ±36.3 
Field 2 28.24 ±0.23 1.93 ±0.05 226 ±34.4  150 ±40.7 
Field 3 27.97 ±0.25 2.30 ±0.06 273 ±47.5  183 ±13.5 
Field 4 28.03 ±0.11 2.19 ±0.03 259 ±18.8  167 ±23.6 
Field 5 28.00 ±0.05 2.24 ±0.01 265 ±9.1  183 ±23.6 
Field 6 28.34 ±0.50 1.85 ±0.09 216 ±69.0  133 ±36.3 
 SD indicates standard deviation  
3.4 Discussion 
3.4.1 Semi-selective agar medium 
The ARSA medium used in this study was confirmed as being selective as well as sensitive 
for detecting A. radicina in infested soils. The results concur with those reported earlier from 
the USA (Pryor et al., 1998) and Australia (Coles & Wicks, 2000). Pryor et al. (1998) 
reported that the medium effectively prevented the growth of soil bacteria and some common 
soil fungi including Cladosporium, Fusarium, Penicillium and Rhizopus. Results from the 
present study supported the effectiveness of the medium for controlling all these organisms, 
except for Fusarium spp. A few colonies of Fusarium were observed on the plates, but this 
did not affect the ability to detect A. radicina colonies. It is possible that there are isolates of 
Fusarium spp. present in Canterbury soils resistant to the fungicides used in this medium, or 
possibly, that although the same fungicide active ingredients were used, they were from 
different manufacturers of the products, which may have affected the control of Fusarium 
offered.  
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There was a significant and strong linear relationship between soil inoculation level and 
colony recovery of A. radicina. The coefficient of determination (R2=0.998) was very close to 
1 which indicated the reliability of the medium to quantify A. radicina in infested soil. The 
present study also found that about 96% of the CFUs added were recovered from the 
inoculated soil, which concurred with Pryor et al. (1998) who recovered an average of 93% of 
the CFUs on the same medium. The failure to recover a small percentage of the added CFUs 
might be because of the antifungal effect of other microbes present in the soil, but this was not 
tested. It is also known that different A. radicina isolates have a range of tolerance to 
fungicides (Coles et al., 2001) but whether this had any effect on the recovery was also not 
determined.  
The observations in this study showed that the semi-selective medium developed by Pryor et 
al. (1994) allowed the production of a species-specific colony morphology to distinguish A. 
radicina from A. carotiincultae. Pryor and Gilberton (2002) attempted to differentiate these 
two fungi by growing them on different media, but they did not use ARSA in their study. This 
is the first report of this feature of ARSA. However, it is unclear what the spectrum of 
morphologies for these two species for a broader collection of isolates may be, and they may 
well overlap for some isolates. Therefore, to definitively identify these species, representative 
colonies should be recultured on acidified PDA and their growth characteristics compared as 
per the description given by Pryor and Gilberton (2002; see Section 2.3.3.4). 
3.4.2 Baiting 
Alternaria radicina is a facultative saprophytic fungus (Strandberg 1992; Rotem, 1994; Pryor 
et al., 1998) and is able to colonise carrot root tissue. This study showed that A. radicina was 
readily able to colonise root baits from the eight months old MID A16 carrot, even at low 
inoculation levels, but colonisation was less prolific on the generic supermarket carrot roots. 
The latter was an unknown hybrid, and it is possible that it was more resistant to A. radicina 
than MID A16. It is known that A. radicina more readily attacks more mature plant tissue 
than younger tissue (Maude, 1966) and the MID A16 carrots were older than the supermarket 
ones. The antimicrobial treatment applied to the bait before use helped to reduce some 
contamination. This was expected, because these chemicals are used in the ARSA medium 
where they effectively suppress many soil microbial contaminants without affecting A. 
radicina growth. However, as the A. radicina soil inoculum levels decreased, the competition 
for colonisation of the bait by other saprophytes increased, so that this method was less 
successful for detecting low numbers of A. radicina CFUs than the semi-selective medium.  
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Carrot root slices have been successfully used as bait to quantify levels of the soil−borne 
pathogen Thielaviopsis basicola (Tsao, 1962; Avanzato & Rothrock, 2010). However the 
method of Avanzato & Rothrock (2010) different from the present was study, as they pressed 
the carrot disk onto the soil surface and then transferred it onto moist filter paper keeping the 
pressed side of the bait facing upwards. However, the results of the present study are not 
convincing enough to recommend the baiting method for quantification of soil-borne A. 
radicina, particularly at low soil inoculum levels, where other soil-borne fungi tended to 
colonise faster than A. radicina. Thus, in future, the baiting technique would need to be 
further refined before any recommendation for commercial use, perhaps by using more 
mature carrot plant tissue from a very susceptible cultivar. 
3.4.3 Polymerase Chain Reaction 
Konstantinova et al. (2002) reported that the ARF2 and ARR3 primer pair were specific for 
amplification of A. radicina. In contrast, the present study showed that the primer pair also 
produced the same size amplicon for isolates of A. carotiincultae. Konstantinova et al. (2002) 
did not test A. carotiincultae isolates in their study. These two Alternaria species are 
genetically much closer to each other as compared to other Alternaria spp. (Pryor & 
Gilberton, 2002). Another closely related pathogen of umbelliferous crops is A. petroselini 
(Pryor et al., 2007), which is not common in carrot, and was not included in this study. In 
silico analysis of potential ARF2 and ARR3 primer binding sites in A. petroselini indicated 
that although the reverse primer matched perfectly there was a 1 bp mismatch at position 21 
(5’→ 3’) of the 22 bp forward (ARF2) primer. This mismatch is likely to destabilise primer 
binding to genomic DNA from A. petroselini at the stringent (70ºC) annealing temperature 
used for this PCR assay. However, further testing should be done with isolates of this species 
to be certain.  
This is the first report of quantitative analysis of soil-borne A. radicina by realtime PCR 
assay. When the soil DNA was extracted from a field site anticipated to be free of A. radicina, 
there were no amplicons, except for a peak corresponding to the primer-dimers (Appendix 
E.4), which suggested that no other soil microbe was amplified with this primer pair. Soil is 
known to be a complex environment in which a high diversity of fungal species (>80000) 
have been described and millions are estimated as yet to be identified (Bridge & Spooner, 
2001). At Hamilton in New Zealand, Sarathchandra et al. (2001) studied the effect of nitrogen 
on microbial diversity and estimated fungal populations of ~24000 per g soil. Although only 
one soil was tested, this result was a good indicator of primer specificity.  
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The realtime PCR assay was able to detect as little as 0.1 pg A. radicina DNA in pure form or 
in mixture with soil. The genome C value (weight of the haploid genome) of A. radicina was 
not available at the time of this study; however the C-value of the closely related A. 
brassicicola is 0.03 pg (Kullman et al., 2005). If it is assumed that the C-value of A. radicina 
is similar to that of A. brassicicola then a single conidium with an average of 4 cells per 
conidium would contain approximately 0.12 pg DNA. With the detection threshold of 0.1 pg 
theoretically as little as one conidium per reaction could be detected using the realtime PCR 
assay. When DNA was extracted directly from conidia the real time PCR assay could detect the DNA 
from as few as 2.5 conidia per reaction which was close to this theoretical value. However, 
when conidia were mixed in soil the detection limit was raised to 10 conidia per reaction. This 
was likely due to attributes of the soil such as the presence of PCR inhibitors. This result 
concurs with Huang and Kang (2010) who quantified soil-borne T. basicola through realtime 
PCR assay and found a detection limit of 0.1 pg DNA/µL, which was equivalent to 3 conidia 
in soil per reaction.  
Overseas reports suggest that as few as 20 CFUs of A. radicina/g soil can cause an outbreak 
of disease (Pryor et al., 1998). The present result of 10 conidia per reaction from the soil 
DNA extraction was equivalent to an original concentration of 60 conidia/g soil. However, 1 
conidium per reaction (equivalent to 6 conidia per g soil) was not detected in the assay. As 
this study did not test levels between 6 and 60 conidia per g soil it is unclear whether the 
biologically relevant threshold of 20 CFUs/g soil is feasible and further work is required.  
The sensitivity of the present realtime PCR assay was 1000× higher than conventional PCR, 
which is in agreement with the findings of Malvick and Impullitti (2007). Realtime PCR has 
many advantages as compared to conventional or nested PCR. For example, the former is 
more selective and sensitive, has a detection limit of ≤10 copies of targeted DNA, does not 
need a post PCR clean-up process and gives automated results (Cupples et al., 2010).  
The sensitivity test confirmed the presence of PCR inhibitors in soil DNA extracts which 
delayed the CT by an average of ~1.95 cycles as compared to pure genomic DNA. The label of 
the PowerSoil™ extraction kit claimed to remove PCR inhibitors from soil DNA extracts. 
The extraction process involved concentrating 5 g of soil into a 0.75 g pellet. This process 
was based on the premise of dilution plating and allowed DNA to be extracted from the 
equivalent of 1.67 g soil, approximately 6.5 times the soil volume normally used in the 
PowerSoil™ kit. This larger volume of soil might explain why this kit did not completely 
eliminate PCR inhibitors. The present study did not made any attempt at post soil DNA 
extraction cleaning of the DNA, which might improve the PCR assay efficiency. Furthermore 
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soils from different fields may differ in humic acid, tannin and lignin associated compounds. 
These factors can have variable effects on PCR amplification (Bridge & Spooner, 2001). The 
present study did not test the effect of different types of soil in relation to the quantification of 
A. radicina infested soil. This needs to be explored so that an efficient protocol can be 
developed for the quantification of A. radicina infested soils in Mid-Canterbury.  
In this realtime PCR assay for A. radicina, the upper cycle threshold limit was set at 32. 
Above this range the primer-dimers were amplified so the samples below that threshold limit 
were considered as positive for A. radicina. Primer-dimer peaks were observed in the melting 
curve analysis, especially at low DNA concentrations or in the negative control samples. 
Despite the considerable efforts made to get rid of the primer-dimer peaks by increasing the 
DNA template, decreasing the primer concentration and increasing the annealing temperature, 
the primer dimers were not successfully removed from the PCR reactions.  
With the primer pair used in the realtime PCR assay it was not possible to distinguish between 
A. radicina and A. carotiincultae because of the identical amplified sequence for the isolates 
of these two species used. A new primer pair could be developed to target other 
taxonomically useful genes such as β-tubulin or elongation factor alpha to differentiate these 
two Alternaria spp. and to improve the efficiency of the assay. There are some other realtime 
PCR assay methods, viz. TaqMan, Molecular beacons, HyProbe, for which it may be worthwhile to 
compare their efficiency with the present SYBR green assay because of the greater detection 
sensitivity. 
The optimal efficiency for a realtime PCR assay should be between 90 and 105% (Gonzalez-
Salgado et al., 2009). Ideally the efficiency should be 100%, but an efficiency of <100% can 
occur due to poor primer design and suboptimal conditions, while an efficiency of >100% is 
due to pipetting error or co-amplification of a non-specific product such as primer-dimers. In 
this study, all the standard curves showed the amplification efficiency was within the optimal 
efficiency range, which indicates the assay was robust and reproducible. The coefficients for 
determination for all the standard curves were very close to 1 (≥0.98).  
All the six soil samples from naturally infested fields were found to be positive for A. 
radicina. However, the conidial numbers detected by the realtime PCR assay were higher 
than those detected by the selective agar medium. This could be because an A. radicina 
conidium is a multicellular structure in which the cell numbers vary with conidium maturity, 
so technically a conidium of any number of cells or a bunch of mycelium would produce only 
a single colony on ARSA medium. However, in a PCR assay, a conidium can yield different 
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amounts of DNA. Also, the PCR assay is unable to distinguish between live and active 
inoculum from dead and dormant propagules (Bridge & Spooner, 2001; Konstantinova et al., 
2002). This may result in different results compared to the conventional agar culture or 
baiting methods (Bridge & Spooner, 2001), although this was not determined in the present 
study. It may also be possible that the ARSA medium has underestimated the A. radicina 
population because some isolates in the soil might be sensitive to the fungicides used in the 
medium. However it is very unlikely because those fungicides used in the medium have never 
been reported to inhibit A. radicina (Pryor et al., 1994). 
3.5 Conclusions 
The selective agar medium, baiting and the realtime PCR assay all showed the potential to 
detect A. radicina in infested soils. However, at this stage only the selective agar medium and 
the molecular method have the reliability and repeatability needed to detect soil-borne 
inoculum with confidence. The ARSA medium was as efficient as the PCR assay, is simple, 
relatively cheap, quantified only viable soil inoculum, and also has the potential to 
differentiate between A. radicina colonies and other Alternaria spp. However, the major 
disadvantages are that it is a time and labour consuming method, as it takes 10-14 days to 
process a soil sample and then for definitive identification the cultures need to be grown on 
APDA which takes another 7 days. In contrast the realtime PCR assay, which was also robust, 
reliable and reproducible, yielded a result in 6-7 h, with no need for taxonomic expertise to 
identify the pathogen characteristics. However, the assay cannot differentiate between viable 
and dead inoculum or between A. radicina and A. carotiincultae, and could give a different 
result in the presence of different amounts of soil PCR inhibitors. However, these are 
disadvantages that may be overcome with more research to determine if the realtime PCR 
assay could become suitable for commercial use.  
As the protocol for the real-time PCR assay was developed concurrently with the experiments 
in the remaining chapters, only the already optimised ARSA medium method was used to 
quantify soil-borne A. radicina in the experiments described in these chapters. 
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3.6 Detection of Alternaria radicina on honey bee bodies 
3.6.1 Introduction 
To maximise pollination, honey bees (Apis mellifera L.) are introduced into the carrot seed 
crop during flowering, although how successful honey bees are as pollinators in hybrid carrot 
seed production is still under debate, as they do not prefer the unattractive white carrot flower 
(Delaplane & Mayer, 2000). It is possible that when bees visit A. radicina infected umbels, 
spores of that the pathogen adhere to the bodies of the bees and are thereby dispersed 
throughout the crop. The aim of this study was to test whether honey bees can transport A. 
radicina inoculum. 
3.6.2 Materials and Methods 
Beehives were placed in three seed crops (43°51’57.28”S 171°50’37.41”E; 43º50’46.77”S 
172º05’55.16”E; and 43°49’06.12”S 171°57’07.69”E) in Mid-Canterbury in 2007-08. From 
one hive at each site, bees were calmed down using a smoker (Figure 3.12) and around 200 
bees were placed into a sterilised universal glass bottle with a screw lid. The bees were killed 
by placing the bottle at -20ºC, where they remained until used.  
 
Figure 3.12  Smoking to calm honey bees during collection from beehives. 
 
Three replicates of fifty bees from each field were selected at random, and each placed in 100 
mL sterile distilled water in a 250 mL bottle and shaken using a Griffin Wrist Action Shaker 
at maximum speed (1000 rpm) for 15 min to dislodge any inoculum on the cadavers. The 
suspension was sieved to remove the bees and the filtrate centrifuged (Eppendorf Centrifuge 
5810 R, Hamburg, Germany) in a 50 mL falcon tube at 2600 × g for 10 min. The supernatant 
was discarded after checking three 20 µL suspensions for A. radicina conidia under the 
microscope, and if required centrifuged again. The pellet was reconstituted in 600 µL water 
and a 100 µL aliquot was plated onto each of six ARSA Petri plates that were incubated at 
27ºC in the dark for 14 days. The number of A. radicina colonies obtained on the six ARSA 
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plates was counted and the mean data for the three replicates from each field obtained. To 
confirm identification all colonies showing the typical growth of A. radicina were isolated 
into pure culture on APDA medium and their morphology recorded. To further confirm their 
identity, the DNA was extracted from these isolates using the DNA purification protocol (see 
section 3.2.3.2). The universal primers ITS4 and ITS5 (see Table 3.2) were used to amplify a 
portion of the rRNA gene region that included the ITS. The PCR master mix and thermal 
cycle protocol were conducted as described in Section 3.2.3.3.1. Three PCR products were 
separated by electrophoresis and then sequenced in the automated sequencer ABI PRISM® 
3100-Avant Genetic Analyzer (see Section 3.2.3.3.1). The obtained sequence of the rRNA 
gene region was then compared with sequences present on GenBank 
(http://www.ncbi.nlm.nih.gov/) using a BLAST search to confirm the organism identity. 
3.6.3 Results and Discussion 
Alternaria radicina colonies were frequently detected on the ARSA medium. The average 
number of A. radicina colonies counted from a sample of fifty honey bees for each of the 
carrot fields was: Field 1=105 ± 10.4 CFUs, Field 2=221 ± 23.1 CFUs and Field 3=172 ± 
16.6 CFUs. The average number of colonies recovered per batch of 50 honey bees from the 
three carrot fields was ~166, and the average CFUs per bee was 3.3. Agarose gel 
electrophoresis resulted in a single band of ~600 bp for DNA collected from A. radicina 
collected from honey bees (Figure 3.13).  
 
 
 
 
 
 
 
Figure 3.13  Agarose gel electrophoresis of the amplified rRNA gene region from DNA 
extracted from Alternaria radicina colonies recovered from honey bees 
collected from three A. radicina infected carrot fields. Lane M contains a 1 kb 
plus DNA ladder (Invitrogen); lane 1, negative control; lane 2, infected field 1; 
lane 3 infected field 2; lane 4, infected field 3. 
 
 
The DNA sequence obtained from each of the PCR products was confirmed as A. radicina 
using BLAST. The analysis showed that the sequences obtained in this research was identical 
to other sequences of A. radicina (accession numbers AY154704.1, DQ394073.1 and 
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EU807870.1) in GenBank (Figure 3.14). One of the A. radicina sequences obtained from  
honey bees (597 bp) was deposited in GenBank as accession number FJ958190.  
 
 
Figure 3.14  Fast minimum evolution tree showing the relationship between the rRNA gene 
sequence of the fungus isolated from honey bees and rRNA sequences present 
in GenBank. 
 
The detection of A. radicina conidia (38 × 19 µm) on the bodies of honey bees suggests that 
the pollinator is a potential vector and may be able to disperse the disease within and among carrot 
seed crops. The result concurs with that of Batra and Batra (1985) and Batra (1991) who 
reported that pollinating insects are vectors of Monilinia vaccinii-corymbosi (mummy berry 
disease) in blueberries and huckleberries. Other authors have also concluded that other 
insects, such as flea beetles in cabbage (Dillard et al., 1998), pollen beetles and seed pod 
weevils in oil seed rape (Quak, 1956, as cited in Köhl & Wolf, 2005), and ants (Leach & 
Dosdall, 1938; Gracia-Garza et al., 1998) may play an important role in dispersal of 
Alternaria spp. This study did not confirm whether the inoculum carried by a bee is actually 
being transferred from the bee to the carrot flower, and this should be investigated in the 
future.  
Previous reports have suggested the potential for honey bees to become vectors for a 
biological control agent to suppress floral diseases. For example, Gliocladium roseum in 
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raspberry (Yu & Sutton, 1997), and Trichoderma harzianum T39 in strawberry to control 
Botrytis cinerea (Bilu et al., 2004), and Bacillus subtilis in blueberry to control M. vaccinii-
corymbosi (Dedej et al., 2004). Whether the pollinating honey bees could be used as a vector 
for a biological control organism for A. radicina in carrot seed crops is worthy of 
investigation. Placing honey bee hives for pollination in a carrot crop is a necessary but 
expensive exercise. If bees could also successfully play a role in disease control, then this 
could be an interesting option for carrot seed growers. 
 
3.7 First report of Alternaria carotiincultae on carrot seed produced 
in New Zealand 
3.7.1 Introduction 
Carrot seed lots produced in Canterbury, New Zealand, are commonly infected by the fungal 
pathogen A. radicina, which can cause the production of abnormal seedlings and decayed 
seeds during routine seed germination tests. In 2008, when seed samples from each of three 
carrot seed crops were tested for germination on moistened paper towels, an average of 30% 
of the seeds developed abnormal seedlings or were decayed. However, 8% of the seeds were 
infected with an Alternaria sp. with morphology that differed from the typical growth of A. 
radicina on ARSA medium. The objective of this study was to confirm the identity, 
characterise this novel fungus and prove its pathogenicity to carrot.  
3.7.2 Materials and Methods 
3.7.2.1 Identification  
Pure cultures of three isolates (isolates 8, 9 and 46; see Table 3.1) of the novel fungus were 
prepared using the method described in Section 3.2.3.1. Preliminary identification using 
morphological characteristics of the novel fungus was first made on ARSA and then on 
APDA medium. For molecular identification, the genomic DNA of three isolates (isolates 8, 9 
and 46; see Table 3.1) was obtained using the DNA purification process described in section 
3.2.3.2. The master mix and thermal cycling conditions were conducted as described in 
section 3.2.3.3.1. The β-tubulin gene from the three isolates was amplified by using primers 
Bt1a and Bt1b (see Table 3.2). The amplified product for each isolate was sequenced in a 
3130 xl genetic analyser (ABI Prism, Applied Biosystems) and compared to β –tubulin 
sequences present on GenBank (http://www.ncbi.nlm.nih.gov/) using a BLAST search to 
confirm the fungal isolate. 
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3.7.2.2 Pathogenicity test 
A conidial suspension of the three isolates was prepared as described in Appendix A.3. 
Pathogenicity was tested on leaves and roots of 3 month-old carrot plants grown in a 
greenhouse (3 plants/pot with 10 replicate pots/isolate). For each isolate, intact leaves of each 
plant were inoculated by spraying with 0.5 mL of a suspension of 106 conidia/mL, and the tap 
root of each plant was inoculated by placing  a 7 mm colonized agar plug from a 7 day 
old culture of each isolate onto the surface of the shoulder region of the carrot tap root. Ten pots 
of control plants were treated similarly with sterile water and non-colonized agar plugs. Each of 
the pots was covered with a plastic bag for 12 h, and then placed in a mist chamber in a 
greenhouse with automatic misting every 30 min.  
Development of symptoms on the inoculated plant parts was visually monitored daily for 
14 days. For re-isolation of the pathogen, a small piece from the edge of the leaves and roots 
with symptoms was excised with a scalpel, surface sterilised with sodium hypochlorite solution 
(NaOCl) at 0.3% for 1 min, rinsed twice in sterilized distilled water (SDW) and then placed 
on APDA medium. The plates were incubated at 22°C in 10 h light/14 h dark for 7 days. After 
incubation the isolated fungus was identified using morphological and cultural characteristics 
as described by Pryor and Gilberton (2002).  
3.7.3 Results and Discussion 
3.7.3.1 Identification  
On ARSA medium, the isolates of the unknown fungus produced a growth similar to that 
described in Section 3.3.1. On APDA medium, colonies of the novel fungus grew faster than 
those of A. radicina, had smoother margins, covered the whole the Petri dish, and did not 
produce dendritic crystals or yellow pigment in the agar medium (Figure 3.15). Although 
conidial size (30-59 × 18-20 µm), shape (long, ellipsoid), and colour (dark olive-brown) were 
similar to those of A. radicina, conidia of this novel fungus had more transverse septa than 
those of A. radicina (average 3.6 cf 3.0/conidium) (Figure 3.16). The morphological and 
cultural characteristics of the novel fungus observed in this study were completely in 
agreement with the description of A. carotiincultae by Pryor and Gilberton (2002; see Section 
2.3.3.4). 
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Figure 3.15 Colony growth and appearance of Alternaria carotiincultae on APDA medium 
from the top (A) and the under surface (B) of the Petri plate. 
 
 
Figure 3.16 Light microscopy picture of the conidium and mycelium of Alternaria 
carotiincultae at 1000× magnification. 
 
PCR amplification of the β-tubulin gene from the three isolates of the unknown fungus 
produced a 420 bp product. The sequences of all three New Zealand isolates were identical to 
each other and to six sequences in GenBank (Accession Numbers 
EU139354/57/58/59/61/62). There was a 2 bp difference between these sequences and those 
of A. radicina present in GenBank. The sequences of all three New Zealand isolates were 
deposited in GenBank as accession numbers HM208752, HM208753, and HM208754. 
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3.7.3.2 Pathogenicity 
By 72 h after inoculation, the carrot foliage had developed symptoms comprising medium-
brown to black lesions on the leaves, and as the disease progressed these small lesions 
coalesced and formed large blight symptoms (Figures 3.17). By 14 days after inoculation the 
foliage on the inoculated carrot plants was dead (Figure 3.18). On roots, at 72 h after 
inoculation, dark brown to black sunken lesions developed and as the disease progressed the 
lesions girdled the root (Figure 3.19). No disease symptoms developed on the control plants.  
Re-isolation from roots and leaves demonstrated that A. carotiincultae was present in diseased 
leaves and roots of all inoculated plants but not in leaves or roots of the control plants. Based 
on morphological characteristics, the pathogen was identified as A. carotiincultae. The 
symptoms produced by the isolates of A. carotiincultae were similar to those attributed to A. 
radicina in infected carrot seed crops in Mid-Canterbury. The novel species may have 
previously caused field infections in carrot seed crops in Canterbury, but has not been 
recognised as this species. Alternaria carotiincultae was described as a new taxon in Ohio in 
1995 (Simmons, 1995), and pathogenicity of the species on carrot was also reported in 
California (Pryor & Gilberton, 2002). This is the first report of A. carotiincultae as a pathogen 
on carrots in New Zealand.  
 
 
Figure 3.17 View of carrot plant spray inoculated with an Alternaria carotiincultae 
conidial suspension on (A) 3 days and (B) 7 days after inoculation. 
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Figure 3.18 View of carrot plant spray inoculated with an Alternaria carotiincultae 
conidial suspension at 14 days after inoculation. 
 
 
 
Figure 3.19 View of carrot plant whose roots were inoculated with an Alternaria 
carotiincultae colonised agar plug at (A) 0 days and (B) 7 days after 
inoculation. 
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3.8 Detection of Alternaria radicina and A. carotiincultae on 
imported carrot seed lots 
3.8.1 Introduction 
Alternaria radicina is a widely distributed fungal pathogen and commonly detected on carrot 
seed lots produced all around the world. In New Zealand, it was first reported on imported 
carrot seed lines by Scott & Wenham (1973) and then six years later, Soteros (1979a) 
confirmed the report. In 2008, A. carotiincultae was also detected on carrot seed lots 
produced in New Zealand (see Section 3.7). Thus it was postulated that like A. radicina, this 
new pathogen might also be entering New Zealand through imported carrot seed. To test this 
hypothesis, non-treated imported carrot seed lots were tested for the presence of A. radicina 
and A. carotiincultae.  
3.8.2 Materials and Methods 
Twenty non-treated carrot seed lots from three countries (five seed lots each from the USA 
and France, and ten seed lots from China) were supplied by Bejo Zaden B. V., Holland. Four 
replicates of one hundred seeds from each carrot seed lot were randomly selected and tested 
for the presence of A. radicina and A. carotiincultae on ARSA medium using the same 
method as described in Appendix A.7. The colonies of A. radicina and A. carotiincultae on 
this selective agar medium were distinguished based on the description given in Section 3.3.1. 
For further confirmation of identity 30% of the representative colonies of each pathogen from 
each seed lot were recultured on APDA medium and the colony growth was compared based 
on morphological observations described by Pryor and Gilberton (2002; see Sections 2.3.3.4 
& 3.7.3.1). Seed infection data for each seed lot are presented with their standard errors of the 
means. 
3.8.3 Results and Discussion 
Alternaria radicina was detected on imported carrot seeds from all three countries and the 
infection level ranged from 0-10%, 0-84% and 1-47% for seed lots from the USA, France and 
China, respectively (Table 3.3). Detection of A. radicina on imported carrot seed lots was 
expected, because the fungus is known for its worldwide distribution and has been previously 
detected on imported carrot seed lots in New Zealand (Scott & Wenham, 1973; Soteros, 
1979a).  
However, A. carotiincultae was only detected on carrot seed lots which originated from 
France and the infection ranged from 0-12%. Recently, Park et al. (2008) reported the 
detection of A. carotiincultae from carrot seeds harvested from the USA, Japan and the 
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Netherlands, and from field soil in the USA. This confirms that, like A. radicina, the fungus is 
a seed- as well as a soil-borne pathogen. This is the first report of A. carotiincultae on 
imported carrot seed lots in New Zealand. 
However, the frequency with which this pathogen enters New Zealand via imported carrot 
seed is not known. Imported seeds lots are usually treated, although it is not known whether 
any of the seed treatments currently used effectively control the pathogen. Future monitoring 
of imported seed lots would provide information on the level of contamination and would also 
help to identify those countries from which carrot seed lots are contaminated by this 
pathogen.  
Interestingly, the seed lots that had A. radicina did not have A. carotiincultae. It is not known 
why this occurred and this requires investigation.
. 
Table 3.3  Percentage of Alternaria radicina and A. carotiincultae on imported carrot 
seed lots. 
Origin of 
seed lots 
Identity of 
seed lots 
Alternaria 
radicina (%)  
±SEM 
Alternaria 
carotiincultae (%) 
±SEM 
USA US 1 0 0 
 US 2 1±1.00 0 
 US 3 1±0.58 0 
 US 4 10±2.35 0 
 US 5 0 0 
France FR 1 84±4.38 0 
 FR 2 0 5±1.00 
 FR 3 0 12±0.82 
 FR 4 0 4±1.41 
 FR 5 0 7±1.96 
China CH 1 4±1.47 0 
 CH 2 1±0.71 0 
 CH 3 5±1.29 0 
 CH 4 12±1.83 0 
 CH 5 2±1.41 0 
 CH 6 34±6.49 0 
 CH 7 28±4.14 0 
 CH 8 36±2.38 0 
 CH 9 47±6.86 0 
 CH 10 30±3.16 0  
SEM indicates standard error of mean. 
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     Chapter 4 
Alternaria radicina disease development in carrot seed 
crops in Mid-Canterbury 
4.1 Introduction 
Although various aspects of the Alternaria radicina disease cycle have been reported by 
international researchers, their relevance to Mid-Canterbury’s climate and carrot seed growing 
conditions is not known. The disease cycle of any pathogen will vary from region to region as 
it is affected by the growing environment. This chapter was designed to investigate four 
different aspects of disease development in Mid-Canterbury. By increasing knowledge about 
the disease cycle of this pathogen it was anticipated that more effective control strategies 
could be produced. In this chapter, each aspect is reported as a separate experiment, with its 
own introduction, materials and methods, results and discussion sections. An overall 
conclusion that combines the results from all experiments is presented at the end of the 
chapter. 
4.2 Effects of soil inoculum levels of Alternaria radicina on disease 
development 
4.2.1 Introduction 
Soil-borne inoculum of A. radicina can cause black rot symptoms on the shoulder region of 
the carrot tap root. In Mid-Canterbury, black root rot symptoms usually appear in carrot fields 
from December, with the severity of the symptoms increasing as the season progresses. By 
February the infected plants have often become weak, which can negatively affect seed 
production (J. Townshend, personal communication, 2006). Alternaria radicina soil inoculum 
may also affect carrot seed germination and seedling emergence, since A. radicina is known 
to cause decay of carrot seeds and/or to infect the radicle/plumule region after seed 
germination, which may lead to the death of carrot seedlings (Mounce & Bosher, 1943; 
Murtaza et al., 1988; Nowicki, 1995; Coles & Walker, 2001; Coles & Wicks, 2003). Research 
in California suggested that a threshold of 20 colony forming units (CFUs) of A. radicina/g 
soil was sufficient to cause an outbreak of black root rot (Pryor et al., 1998). The same 
authors also demonstrated a relationship between A. radicina soil population density with 
black root rot incidence and severity. No such information is available regarding the range of 
A. radicina soil population densities in Mid-Canterbury carrot fields. 
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Therefore, it was important to quantify soil-borne A. radicina inoculum in Mid-Canterbury 
carrot fields and to determine any relationship of soil-borne inoculum levels to black root rot 
disease levels. This study also investigated the effect of soil-borne inoculum on carrot 
seedling emergence in a greenhouse study. 
4.2.2 Materials and Methods  
This investigation was conducted by soil and carrot root sampling in Mid-Canterbury carrot 
seed crops and then by planting seed in pots of A. radicina infested soil in a Lincoln 
University greenhouse. 
4.2.2.1 Field experiment (2006-2008) 
To estimate the amount of inoculum present in Mid-Canterbury carrot fields seven farms 
(43º51’16.51”S 172º01’50.39”E, 43º53’55.96”S 171º49’58.86”E, 43º48’15.30”S 
171º36’41.07”E, 43º56’12.65”S 171º57’11.18”E, 43º51’19.38”S 172º01’51.96”E, 
43º53’53.32”S 171º50’02.47”E, and 43º51’14.67”S 172º01’47.31”E) were selected at 
different locations in 2006 and then a further eight (43º50’47.69”S 172º05’58.25”E, 
43º52’06.25”S 171º51’36.87”E, 43º52’14.58”S 171º51’38.33”E, 43º52’17.48”S 
171º41’18.44”E, 43º40’39.66”S 172º36’14.00”E, 43º53’57.18”S 171º54’12.51”E, 
43º55’01.96”S 172º06’14.15”E and 43º49’00.28”S 172º57’26.82”E) in 2007. Soil was 
sampled from each field during spring (October) when the soil had dried out somewhat 
because in Mid-Canterbury in winter, cold and wet conditions make soil sampling very 
difficult. At each farm, four randomly selected 3 × 10 m plots, scattered across the carrot 
field, were marked with wooden pegs and used as four replicates. Within each plot, soil was 
sampled by inserting a soil corer (2.5 cm diameter) to a depth of 5 cm, and the soil collected 
near the root of carrot plants from twenty places along a zigzag traverse. All the collected soil 
samples from each plot were combined, mixed well, and then a sub sample (5 g soil) was 
taken and tested for the quantification of A. radicina using the soil dilution method described 
in Appendix A.1. The characteristic black hyphal colonies produced by A. radicina on ARSA 
medium (Pryor et al., 1998; see Section 2.3.3.1) were counted and the population density 
(CFUs/g soil) of each plot was calculated. Some of these colonies were recultured on APDA 
medium for further confirmation of the identity based on the recommendation given by Pryor 
and Gilberton (2002) (see Section 2.3.3.4). 
4.2.2.1.1 Assessment of black root rot 
In January 2007 and 2008, all carrot plants growing within one randomly selected 1 m length 
of a single row in the middle of each plot were uprooted and visually assessed for black root 
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rot symptoms and given an individual disease rating as described in Appendix A.5.2. The 
disease incidence was calculated as the percentage of infected plants/m of row, and disease 
severity by averaging the individual disease ratings of the carrot plants from the 1 m of row.  
Further observations were made of black root rot disease progression by uprooting carrot 
plants from 1 m row randomly selected from the fields in February and March and noting 
the presence of symptoms. The observation for symptoms in February and March showed that 
most of the black rot infected roots had associated secondary infections, and some of these 
plants had died. The roots of carrot plants were transversely cut from the site of the 
symptoms, to reveal a hollow core region with a growth of what appeared to be Fusarium spp. 
This identity was confirmed when the infected tissues were examined for the presence of 
macro and micro-conidia under a microscope, using the identification manual of Barnett and 
Hunter (1987) and Toussoun and Nelson (1968). 
4.2.2.2 Greenhouse experiment (2008) 
After determining the range of A. radicina soil population densities in Mid-Canterbury fields, 
a greenhouse experiment was set up at Lincoln University (43º38’42.78” N 172º27’43.24” E), 
Canterbury to study the effect of five soil inoculation levels (non-inoculated control, 50, 100, 
250 and 500 CFUs of A. radicina/g soil) on seedling emergence of two carrot cultivars, viz. 
MID A5 and MID A16.  
A silt loam soil was collected from a Mid-Canterbury field where carrot had never been 
grown and processed in a similar method as described in Appendix A.2. The five lots of the 
soil, each sufficient to fill 10 × 4 L pots (42 kg) were weighed out and each spread evenly 
onto one of five plastic sheets which had been placed on the ground.  
The experiment used a mixed conidial suspension of the three isolates of A. radicina (see 3.2.1) 
which was prepared using the method described in Appendix A.3. Four out of the five soils were 
separately inoculated to achieve the desired inoculum levels of 500, 250, 100 and 50 CFUs/g 
soil as described in Appendix A.4. The remaining soil was used as the non-inoculated control 
and was sprayed with 100 mL sterile water. Each of the five soils was then separately mixed 
using a shovel and filled into ten 4 L pots. The pots were placed undisturbed in the 
greenhouse for two weeks (1-14 February 2008; 16-32ºC) to allow time for the pathogen to 
establish in the soil.  
4.2.2.2.1 Seed sowing 
Hot water treated (50ºC for 20 min) carrot seeds were supplied by Bejo Zaden B. V., Holland 
for the experiment, as this treatment was earlier reported to kill seed-borne A. radicina 
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(Merfield, 2006). However, the absence of the pathogen was confirmed by plating a small 
number (100 seeds) of each cultivar on ARSA medium (Appendix A.7) and their germination 
was assessed as 92% (MID A5) and 89% (MID A16) using the between paper method (ISTA, 
2010; Appendix A.8). Each cultivar was separately sown (10 seeds per pot) into 5 pots of 
each A. radicina soil inoculum level. Sowing was done (15 February 2008) by making 10 
equidistant holes of 10 mm depth in each pot using a glass rod, dropping a seed into each hole 
and then covering it with adjacent soil. The pots were separately arranged in a randomised 
block design after inserting a treatment tag into the soil and immediately overhead irrigated 
using a hand operated spray gun. Further irrigation was given at 7 day intervals, or earlier if 
the soil in the pots looked dry. During the experiment daily greenhouse temperatures ranged 
from 10ºC to 33ºC. Although the seedling emergence from the soil was completed by 15 days 
after sowing, the seedling numbers were recounted at 45 days (31 March 2008) after sowing 
to also evaluate post-emergence losses (Soteros, 1979b). 
4.2.2.3 Statistical analysis 
The mean of A. radicina soil population densities of the four replicate plots from each Mid-
Canterbury farm was calculated and these are presented with the standard errors of the means. 
The relationship between the mean data for A. radicina soil population density and black root 
rot disease incidence or severity was established using ANOVA at the 5% level of 
significance, and then the data were subjected to regression and correlation analysis. Soil 
population density data were log transformed to normalise data.  
For the greenhouse experiment, numbers of emerged seedlings were converted to a percentage 
of the numbers of seeds sown. Data were normally distributed so non-transformed data were 
analysed. Seedling emergence data were subjected to a two-way ANOVA to determine the 
individual and interaction effects of soil inoculum levels and cultivar on seedling emergence. 
When the ANOVA effect was significant at P≤0.05, then only the effects of treatment means 
were further explored by using Fisher’s protected LSD0.05. However, data for post emergence 
loss were not analysed because of very minor losses recorded. The means are therefore 
presented with their standard errors. All the statistical computation was carried out using 
Genstat Edition 12 (Lawes Agricultural Trust, Rothamsted Experimental Station, 
Hertfordshire, UK). 
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4.2.3 Results  
4.2.3.1 Field experiment 
The fields sampled in 2006 had CFUs/g soil ranging from 83 to 183, and those sampled in 
2007 had CFUs/g soil ranging from 33 to 233. The field in which the highest amount of A. 
radicina inoculum was found (233 CFUs/g; Table 4.1), was also where the maximum disease 
incidence (Figure 4.1) and severity (Figure 4.2) were recorded. Alternaria radicina population 
density had a significant effect (P<0.001) on disease incidence and severity. There was a 
significant (P<0.001) positive linear correlation between A. radicina soil population density 
and disease incidence (R2 = 0.82; Figure 4.1) and severity (R2 = 0.84; Figure 4.2). The lowest 
A. radicina soil density recorded (33 CFUs/g) was still sufficient to cause around 10% black 
root rot infection (Table 4.1).  
Table 4.1  Soil population density of Alternaria radicina in carrot fields from Mid-
Canterbury farms in 2006 and 2007. 
Number of farm Year of sampling 
Mean colony forming units/g soil 
±SEM 
Farm 1 2006 83±11.8 
Farm 2 2006 83±13.7 
Farm 3 2006 117±9.53 
Farm 4 2006 133±18.1 
Farm 5 2006 150±11.8 
Farm 6 2006 167±11.8 
Farm 7 2006 183±6.74 
Farm 8 2007 33±11.8 
Farm 9 2007 100±21.6 
Farm 10 2007 116±11.8 
Farm 11 2007 117±15.2 
Farm 12 2007 150±20.3 
Farm 13 2007 150±6.94 
Farm 14 2007 183±11.8 
Farm 15 2007 233±18.1 
SEM indicates standard error of means. 
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Figure 4.1  Relationship between Alternaria radicina soil population density and black rot 
incidence on the carrot tap root. The log10 values of 1.52, 1.7, 1.9, 2.1, 2.3 and 
2.37 are equivalent to 33, 50, 80, 125, 200 and 233 CFUs, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Relationship between Alternaria radicina soil population density and black rot 
severity on the carrot tap root. The log10 values of 1.52, 1.7, 1.9, 2.1,  
2.3 and 2.37 are equivalent to 33, 50, 80, 125, 200 and 233 CFUs, respectively. 
 
4.2.3.2  Greenhouse experiment 
In the greenhouse experiment (Table 4.2; Figure 4.3) carrot seedling emergence was reduced 
(P<0.001) in inoculated soils compared to the non-inoculated control, but there was no effect 
of cultivar (P=0.33) or any interaction (P=0.77). Seedling emergence in the non-inoculated 
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control was significantly (P≤0.05) higher than for all the inoculated treatments. There was a 
trend for decreasing emergence with increasing soil inoculum level, although increasing the 
conidia from 50 to 100/g, or from 250 to 500/g did not result in any significant (P>0.05) 
further reductions in emergence (Table 4.2; Figure 4.3). By 45 days after sowing, further 
minor loss (2 to 4%) of seedlings was evident at only the two highest inoculum levels (Table 
4.2). 
Table 4.2  Effect of Alternaria radicina soil inoculum levels on seedling emergence and 
post emergence loss at 15 and 45 days after sowing seed of two carrot 
cultivars. 
Seedling emergence (%)  
at 15 days after sowing 
Post emergence seedling loss 
(%) at 45 days after sowing            
(±SEM) 
 
Cultivars Cultivars 
Soil inoculum levels MID A5 MID A16 
Mean  
 MID A5 MID A16 
500 CFUs/g soil 44 46 45 c  2 (±2) 4 (±2.45)  
250 CFUs/g soil 48 50 49 cd  0 2 (±2)  
100 CFUs/g soil 54 62 58 bc  0 0  
50 CFUs/g soil 56 66 61 b  0 0  
Non-inoculated control 78 74 76 a  0 0  
Mean 56 60   2 3  
NB: within column number follwed by different letters indicate significant difference 
(P≤0.05) at Fisher’s protected LSD value for a significant effect (P≤0.05). SEM indicates 
standard error of mean.  
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Figure 4.3 Effects of levels of Alternaria radicina inoculum in soil on seedling emergence 
of two carrot cultivars at 45 days after sowing: A=non-inoculated soil, B=50 
CFUs/g soil, C=100 CFUs/g soil, D=250 CFUs/g soil, E=500 CFUs/g soil. 
4.2.4 Discussion  
In this investigation all the carrot fields from which samples were taken were naturally 
infected with soil-borne A. radicina. Even the field with the lowest inoculum level recorded 
(33 CFUs/g soil) had carrots with black root rot symptoms. This result was not unexpected, as 
all these fields had an A. radicina soil population density greater than the threshold level of 20 
CFUs/g soil suggested by Pryor et al. (1998). The incidence and severity of black root rot 
symptoms increased with increasing A. radicina soil population density and there was a 
positive and significant (P≤0.05) linear correlation. In an experiment similar to the current 
trial, Pryor et al. (1998) also demonstrated a significant (P≤0.05) positive correlation for 
black root rot incidence and severity with A. radicina soil population density, although they 
used processed carrot crops and sampled soil at the time of planting, rather than from the 8 
month old seed crop used in the present trial. 
In these Mid-Canterbury fields, the highest population density recorded was 233 CFUs/g soil, 
slightly lower than the 260 CFUs/g soil recorded from a carrot field in South Australia (Coles 
& Wicks, 2000), and less than the 317 CFUs/g soil recorded from a carrot field in California 
(Pryor et al., 1998). Carrots for seed production have been grown in Mid-Canterbury for just 
over 20 years, and although not tested, it is unlikely that soil-borne A. radicina was 
widespread before this. Over time, it seems likely that the densities in Mid-Canterbury soils 
will increase as carrot seed production continues. 
 A          B            C                   D               E  
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In the greenhouse study, seedling emergence in the non-inoculated control was around 14% 
lower than the laboratory germination test results. As non-sterile soil was used in the 
experiment, this lower germination may have been due to other microorganisms present in the 
soil that affected seedling emergence, although this was not determined. Another reason could 
be the high temperature (up to 33ºC) during the trial. Recently, Pereira et al. (2008) attributed 
low carrot seedling emergence in a greenhouse to high temperature (35-40ºC) which occurred 
daily between 1000 and 1400 h. While, the levels of soil inoculum were directly related to the 
losses in seedling emergence, they had little effect on post emergence losses. This suggests 
that in the greenhouse environment A. radicina did not cause post-emergence death, although 
this was not confirmed. 
In commercial production in Mid-Canterbury, pre- and post-emergence losses of seedlings in 
carrot fields due to A. radicina is not regarded as a major problem, and the damage is usually 
low and erratic, differing from field to field and cultivar to cultivar (J. Townshend, personal 
communication, 2010). One reason could be that the seed supplied by overseas seed 
companies for sowing has had a seed treatment (J. Townshend, personal communication, 
2010), most probably hot water treatment, although this cannot be confirmed for proprietary 
reasons. In this study the carrot seeds used were hot water treated, and no other treatment had 
been applied. It is probable that any appropriate fungicide seed treatment with activity against 
A. radicina could prevent/reduce seedling emergence problems caused by soil-borne 
inoculum.  
It was a general observation during the field study that while the plants were infected by black 
root rot, the majority were not killed. Alternaria radicina caused a superficial black rotting on 
the shoulder region of the carrot tap roots, but was usually not found infecting the core region 
of the root tissue. A similar observation was also reported by Lauritzen (1926) who found that 
black rot lesions were shallow and penetrated only 1-3 mm deep into the root tissue.  
Shoulder damage by A. radicina may allow ready entry of secondary infections which in this 
study were mainly caused by Fusarium spp. From this observation it appears that secondary 
infection may be an important cause of reduced vigour and plant death, but this was not 
studied because of time constraints. The role of secondary infection has been noted many 
times in the past. Lauritzen (1926) reported that dead tissue caused by A. radicina may allow 
an easy entry for secondary fungi such as Sclerotinia or Botrytis. Maude (1966) also found a 
low level of secondary infection on carrot roots mainly at later growth stages, but did not 
discuss whether this was important in the UK. Recently, a strategic plan by the California 
Minor Crops Council (CMCC) and the California Fresh Carrot Advisory Board (CFCAB) 
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noted that Fusarium spp. or Sclerotinia spp. can invade carrot plants through damaged root 
tissues caused by nematodes or A. radicina (Anonymous, 2005a). Further research is needed 
to improve our understanding of the role of secondary infection following A. radicina root 
infection in causing the death of carrot plants later in the season, and reducing seed yield. 
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4.3 Survival of pathogen propagules in soil 
4.3.1 Introduction 
A survival propagule of a micro-organism is one that remains viable between growing 
seasons and has the ability to resist adverse environmental conditions. Overseas investigations 
have established that the conidia of A. radicina may survive for many years (Ellis & Holliday, 
1972; Pryor et al., 1998). There has also been one report that microsclerotia may also act as 
survival propagules for A. radicina (Rukshenaite-Beretskene, 1968). The lack of independent 
confirmation of microscerotia may be because they occur only at very low frequencies, or that 
they have not been actively looked for (Rotem, 1994). However, other Alternaria species 
have been reported to form microsclerotia. Tsuneda & Skoropad (1977) showed that A. 
brassicae can form microsclerotia or chlamydospores from conidia following storage of 
infected samples at low temperature (3ºC) in the dark. Basu (1971) also reported A. porri f.sp. 
solani formed chlamydospores in the mycelium which were able to overwinter in soil for 
seven months or more at soil- and air-temperatures of -3.3 to 21.1ºC and -31.1 to 21.7ºC, 
respectively. Desiccation can also influence the formation of survival propagules. For 
example, desiccation facilitated the formation of chlamydospores from conidial cells of A. 
solani (Basu, 1971), but it suppressed the formation of chlamydospores from the mycelial 
cells of the same fungus (Patterson, 1991).  
In Mid-Canterbury, winter (May-August) is usually cold and frosty with the occasional 
snowfall, and the minimum temperature usually falls below 0ºC. Therefore, the possibility 
that A. radicina may form survival propagules other than conidia was investigated in a field 
environment. This study reports on the ability of A. radicina to survive in a non-sterilised or 
sterilised soil when artificially inoculated with conidia or mycelia, and the role of carrot plant 
debris on survival of the fungus, over a period of two years.  
4.3.2 Materials and Methods 
4.3.2.1 Experiment set up  
The survival experiment was conducted using pots placed in a Mid-Canterbury field. The 
effects of three main factors: soil sterilisation, propagule type and plant debris were 
investigated. There were eight treatments (Table 4.3) organised as presented in Figure 4.4.  
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Figure 4.4 Diagram showing the set up of the survival experiment. 
 
Field soil 
Sterilised soil Non-sterilised soil 
Each soil divided into two equal 
parts, one inoculated with conidia 
and the other with mycelium. 
Each of the inoculated soils 
placed into six pots, half of 
which had carrot plant debris 
incorporated.  
Processed and divided into two equal parts, one was 
sterilised and the other not sterilised. 
Conidia Mycelium Conidia Mycelium 
With plant debris 
Without plant debris 
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Table 4.3  Details of the treatments used in the study of survival structures for Alternaria 
radicina. 
Treatment number Soil treatment Propagule type Carrot plant debris 
1 Sterilised soil Mycelia Without plant debris 
2 ,, ,, With plant debris 
3 ,, Conidia Without plant debris 
4 ,, ,, With plant debris 
5 Non-sterilised soil Mycelia Without plant debris 
6 ,, ,, With plant debris 
7 ,, Conidia Without plant debris 
8 ,, ,, With plant debris 
 
4.3.2.2 Inoculum preparation 
The experiment used the mixture of three isolates of A. radicina (see Appendix A.3). For 
conidial production, the inoculum was prepared on carrot leaf agar medium (recipe in 
Appendix B.4) using the method described in Appendix A.3. For mycelium production, liquid 
potato dextrose broth medium (recipe in Appendix B.3) was autoclaved and 30 mL warm 
medium poured into 25 mm deep Petri dishes. When the medium had cooled it was inoculated 
with a 7 day old culture plug using the method described in Appendix A.3. After incubation 
for 4 days at 28ºC in a 12/12 dark/light cycle, the liquid medium was discarded and the 
mycelium mats of all three isolates were separately washed in 10 mL sterilised RO water + 
0.01% Tween 80 (surfactant) to prepare suspensions which were all collected into one 
sterilised bottle. The suspension was homogenised using a Wrist action shaker (Griffin) at 
maximum speed (1000 rpm) for 5 min. Conidia/mycelium concentration was separately 
determined by counting the number of conidia/mycelial fragments using a haemocytometer 
and the final concentrations were adjusted to 2.5 × 105 conidia or mycelium fragments per mL 
by diluting with sterile distilled water. For the mycelial concentration, each mycelial fragment 
regardless of its length was counted as one unit. While this is not an accurate method for 
optimizing mycelial concentration (as one long mycelial fragment can break and yield more 
colonies), it was considered sufficient to provide the approximate estimation required for the 
needs of this experiment.  
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4.3.2.3 Soil collection and preparation 
Silt loam soil was collected from a Mid-Canterbury field where carrots had never been grown. 
The soil was processed and confirmed to be free of A. radicina using the method as described 
in Appendix A.2. The 300 kg soil needed to fill 24  8 L pots was weighed out. One half 
(soil needed to fill 12 pots) of this soil was left non-sterilised, while the other half was placed 
into autoclavable plastic bags and sterilised in an autoclave for 15 min at 121.6ºC for three 
consecutive days. After each autoclave the soil in the plastic bag was turned around using a 
hand scoop. The reason for using sterilised soil was to examine any changes in A. radicina 
inoculum survival in the absence of other soil-borne microorganisms. 
4.3.2.4 Soil inoculation 
Each of the sterilised or non-sterilised soils was divided into two lots of 50 kg (the weight 
needed to fill 6 pots) and separately spread onto a plastic sheet laid on the ground. The freshly  
prepared mycelial and conidial suspensions were sprayed (100 mL each) onto the appropriate 
soils (using a spray bottle) to bring the soil population density to 500 CFUs/g soil. After 
inoculation, each soil was mixed using a shovel and then placed into the six pots. Three of the 
six pots then had 200 g of carrot plant debris (finely chopped pieces of healthy leaves, stems 
and roots) mixed into the top 5 cm of soil using a hand scoop. There were three replicates 
(pots) of each treatment.  
On 3 April 2007 these pots were placed on the soil surface and arranged in a randomised block 
design in a Mid-Canterbury (43º56’18.62”S 171º44’08.72”E; Figure 4.5) field for two years. 
April was chosen because in Mid-Canterbury carrot fields are usually harvested at this time 
and thereafter the survival process of A. radicina begins in the soil. 
 
Figure 4.5 View of the experiment for survival of propagules of Alternaria radicina in a 
Mid-Canterbury field. 
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4.3.2.5 Soil sampling and data collection  
Soil was sampled from two random spots in each pot (8 L) for each treatment combination to 
a depth of 5 cm from the soil surface using a soil corer (2.5 cm diameter), at 10 different 
durations (0 days, 3 days, 7 days, 15 days, 1 month, 4 months, 9 months, 13 months, 17 
months and 24 months) after inoculation. The soil sample from each pot was thoroughly hand 
mixed and a 5 g subsample was drawn from it to test by using the soil dilution method as 
described in Appendix A.1. From the 10-1 dilutions a 1000 µL aliquot was spread out onto 
each of six replicate ARSA plates. When the spread aliquot became solidified the under 
surfaces of each plate was examined for the presence of different survival propagules using a 
stereo microscope at 400 magnification. Since it was difficult to distinguish mycelia or 
conidia of A. radicina from other fungi, all likely mycelia, conidia or any other unusual 
propagules which were observed under the microscope were marked with a marker pen on the 
under surface of the Petri plate. For further identification of the propagules the plates were 
incubated in the dark at 27ºC for a further 14 days and then the types of colonies arising from 
the marked propagule were examined, identification made using colony morphology and the 
total number of A. radicina colonies counted. The identification of A. radicina colonies on 
ARSA medium was done as described by Pryor et al. (1998) (Section 2.3.3.1). For further 
morphological identification some of the A. radicina colonies were transferred to acidified 
PDA medium for further confirmation based on the recommendation given by Pryor and 
Gilberton (2002) (Section 2.3.3.4). At each assessment time the % recovery of A. radicina 
colonies was calculated using the following formula: 
Numbers of colonies recovered at that 
interval after inoculation 
 
% A. radicina 
colonies recovered 
 
= 
 
Numbers of colonies recovered at day 0, 
just after inoculation 
 
× 100 
 
The number of A. radicina colonies recovered for each time interval fluctuated. Thus, the 
overall assessment of A. radicina recovery over the duration was determined by calculating 
the area under the curve (AUC) using the formula given by Shaner and Finney (1977). The 
AUC indicates the total area under the curve over the duration of assessment, i.e. the higher 
the AUC, the more colonies were recovered. 
4.3.2.6 Statistical analysis 
 The types of the survival propagules recorded at different intervals are presented in Table 4.4. 
In this study, a factorial randomised block design (2  2  2) was used to test the effect of 
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three major factors (soil treatment, propagule type and carrot plant debris). For an overall 
assessment of A. radicina recovery, the AUC was calculated and the treatment effects were 
analysed using ANOVA. When the ANOVA effect was significant at P≤0.05, then the effects 
of treatments or treatment combinations were further explored using Fisher’s protected 
LSD0.05. The statistical calculation was carried out using SPSS Edition 11. To demonstrate the 
trends in recovery over time, the percent A. radicina colonies recovered from the different 
treatments were plotted against different assessment durations. 
4.3.3 Results 
For both sterilised and non-sterilised soils inoculated with conidia, only conidia were 
recovered in treatments in which carrot plant debris was not incorporated (Tr 1 and Tr 5) 
(Table 4.4). In contrast, when the carrot plant debris was incorporated (Tr 2 and Tr 6), both 
conidia and mycelial propagules (Figure 4.6) were initially found, but the mycelium was 
recovered for only five months in Tr 2 and one month in Tr 6 and thereafter only conidia were 
recovered (Table 4.4).   
For sterilised soils inoculated with A. radicina mycelium but without plant debris (Tr 3), all 
the mycelium had converted to conidia by the 15 day assessment, whereas in non-sterilised 
soil without plant debris (Tr 7) conversion to conidia was completed by the one month 
assessment. Mycelium was recovered for up to five months when the sterilised soil was 
incorporated with carrot plant debris (Table 4.4). In all the treatments, only conidia were 
recovered at or after 9 months after inoculation (Table 4.4).  
  
Figure 4.6 Microscopic view of Alternaria radicina survival propagules, i.e. conidia (A) 
and mycelium (B), from the under surface of an ARSA Petri dish as shown by 
the arrows (). 
A B 
 86 
 
For both conidial and mycelial inoculum, and sterilised and non-sterilised soil there was a 
trend for an initial increase in colony recovery (Figure 4.7), but after one month recovery fell 
rapidly. Colony recovery was significantly (P≤0.05) greater for soils with plant debris than 
from soils without plant debris (Figure 4.7).  
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Table 4.4  Types of Alternaria radicina propagules recovered at different durations after their addition to soil with (+) or without (-) plant debris 
(Pd). 
Sterilised soil Nonsterilised soil 
Conidia (C) Mycelia (M) Conidia (C) Mycelia (M) 
Duration after 
inoculation 
Sampling date 
- Pd   
(Tr 1) 
+ Pd  
(Tr 2) 
- Pd (Tr 
3) 
+ Pd  
(Tr 4) 
- Pd  
(Tr 5) 
+ Pd  
(Tr 6) 
- Pd (Tr 
7) 
+ Pd 
(Tr 8) 
3 days 6 April 2007 C C+M M M C C+M M M 
7 days 10 April 2007 C C+M M C+M C C+M M C+M 
15 days 18 April 2007 C C+M C C+M C C+M M C+M 
1 month 4 May 2007 C C+M C C+M C C+M C C+M 
5 months 3 September 2007 C C+M C C+M C C C C 
9 months 3 January 2008 C C C C C C C C 
13 months 4 May 2008 C C C C C C C C 
17 months 8 September 2008 C C C C C C C C 
24 months 31 March 2009 C C C C C C C C 
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Figure 4.7 Effect of soils, propagules or plant debris on % colonies of Alternaria radicina 
recovered over the time of the experiment. Presence of bar indicates Fisher’s 
protected LSD value for a significant effect (P≤0.05).  
 
The results presented in Figure 4.8 show an overall assessment of % A. radicina colonies 
recovered over two years. There was no significant difference (P=0.54) in AUC between 
sterilised or non-sterilised soil; however there was for A. radicina propagule types (P=0.02) 
and presence or absence of carrot plant debris (P<0.001). For the propagules, conidia had a 
significantly (P≤0.05) larger AUC (i.e., a greater recovery) compared to the mycelium. 
Incorporation of plant debris significantly (P≤0.05) increased AUC (Figure 4.8) because the 
propagules survived longer in the soils with plant debris than in those without. 
The data presented in Figure 4.9 show that there were no significant interactions for either soil 
treatment (P=0.82) or A. radicina propagules (P=0.38) with the presence or absence of plant 
debris. However, there was a significant interaction (P=0.01) between soil treatments and 
propagules, where the AUC was greater (P≤0.05) in sterilised soil when it contained conidia 
as compared to mycelium (Figure 4.9). 
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Figure 4.8 Effect of soil treatment, Alternaria radicina propagules and carrot plant debris on 
overall recovery of A. radicina. Presence of bars for propagule type and plant 
debris indicates Fisher’s protected LSD values for a significant effect (P≤0.05). 
However, absence of an LSD bar for soil treatment indicates no significant 
effect (P>0.05). 
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Figure 4.9 Interaction effect of soil treatment, Alternaria radicina propagule and carrot plant debris 
on overall recovery of colonies. Presence of bar for soil treatment × propagule 
type indicates Fisher’s protected LSD values for a significant effect (P≤0.05). 
However, absence of an LSD bar for other two sets of factors indicates no 
significant effect (P>0.05). 
C= conidia   M= mycelium S= sterilised soil 
NS= non-sterilised soil + pd= plant debris 
- pd= without plant debris 
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4.3.4 Discussion 
The present study is in agreement with results from overseas (Ellis & Holliday, 1972; Pryor et 
al., 1998) that conidia are the survival propagules of A. radicina. Conidia are also the survival 
propagules for A. japonica (Atkinson, 1953) and A. alternata (Hogg, 1966). A specific reason 
as to why conidia are the survival propagule for A. radicina has not been reported. The ability 
of mature conidia of Alternaria spp. to survive for long periods may be related to their double 
layered cell wall, of which the outer layer contains deposits of a dark melanin pigment 
(Campbell, 1968). Nosanchuk and Casadevall (2003) reviewed the importance of melanin in 
the fungal cell structure, and suggested that melanin acts as a physical barrier, thus providing 
protection against many adverse environmental factors (Figure 4.10), thereby assisting with 
the survival of A. radicina conidia. In addition, the multi-cellular structure provides strength 
to the conidial body (Rotem, 1994). 
 
Figure 4.10 Melanized Cryptococcus neoformans cells have been shown to be less 
susceptible to a variety of lethal factors (Nosanchuk & Casadevall, 2003).  
 
There was no significant (P>0.05) effect of inoculating sterilised or non-sterilised soil with A. 
radicina on the overall recovery of A. radicina, a result which conflicts with that of Rotem 
(1990) who found that A. macrospora survived in sterilised soil for a longer time than in non-
sterilised soil. This may have been due to differences in the microbial content of the soil used 
by Rotem and that used in the present study. The soil used for this experiment was collected 
from a field where carrot had never been grown. Therefore, it is possible that any naturally 
occurring antagonists of A. radicina were not present. However this was not determined. 
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Mycelium of A. radicina survived longer in sterilised soil which contained plant debris than in 
soil without plant debris. In sterilised soil, naturally occurring saprophytes are reduced or 
absent, thus slowing down the decomposition process, which would allow the mycelium of A. 
radicina to survive for longer, possibly because the fungus invaded the carrot debris as a 
necrotroph. In the soil without plant debris, the mycelium rapidly converted into conidia. It 
appears that the mycelium of A. radicina is only a short lived survival propagule. 
There was a trend for an initial increase in A. radicina population density, especially in the 
pots where carrot plant debris had been incorporated. The survival of Alternaria spp. depends 
on the survival of debris, the decomposition of which depends on soil microbes, oxygen, 
moisture and temperature (Rotem, 1994). Alternaria radicina is a necrotrophic organism and 
has an ability to utilize cellulose from plant debris (Kuprashvili, 1973; Pryor et al., 1998). 
However, the present study suggested that the fungus does not completely rely on plant debris 
for survival, as it survived readily even in the absence of carrot plant debris, a result also 
reported by Pryor et al. (1998). 
Pryor et al. (1998) kept ten A. radicina infested soil samples at an ambient laboratory 
temperature and humidity, and periodically examined them for survival propagules and 
percent colony recovery. After four years, they confirmed that conidia remained as a viable 
survival propagule of A. radicina although the CFUs had decreased an average of 54%. In the 
present study, after two years colony recovery had fallen to approximately 70%, which 
appears consistent with the recovery after four years reported by Pryor et al. (1998). Whether 
colony recovery would continue to decrease at the same rate in succeeding years, and what 
final losses would eventually occur would require a much longer study. 
However, another experiment (see Chapter 5.3) showed that A. radicina colonies could still 
be recovered from a field that had last grown a carrot seed crop six years previously. Other 
studies (Maude & Shuring, 1972; Maude & Bambridge, 1991, both cited in Farrar et al., 
2004) have reported that conidia of A. radicina have the ability to survive for at least eight 
years in the soil. Factors affecting survival in soil have not been determined, but the survival 
ability of A. alternata in the field has been reported to be lower than in a laboratory study 
(Singh, 1987; Narendra & Verma, 2009). The factors that may reduce recovery of A. radicina 
propagules in the field include heavy rain which could have washed the fungus down the soil 
profile. A moist soil associated with high temperature could also have accelerated the 
decomposition of carrot debris, or a high intensity of UV radiation could have negatively 
affected viability. These effects were not studied in the present experiment in relation to 
survival of the fungus, and should be a focus in the future.  
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4.4 Alternative hosts of Alternaria radicina that may be potential 
sources of inoculum 
4.4.1 Introduction 
Alternative hosts are plants other than the main host which support the growth of a pathogen, 
particularly during an off-season. Alternative hosts play an important role in the disease cycle 
of many pathogens and may do so for A. radicina which has been reported to affect crops 
other than carrots. Overseas studies have reported a range of symptoms caused by A. radicina 
on parsley (Ellis & Holiday, 1972; Tahvonen, 1978; Gindrat, 1979; Nawrocki, 2005; Marthe 
& Scholze, 2006; Garber et al., 2007; Raid & Roberts, 2009), celery (Ellis & Holiday, 1972; 
Gindrat, 1979; Wearing, 1980; Ciccarese & Amenduni, 1991), dill (Ellis & Holiday, 1972; 
Garber, 2001), parsnip (Ellis & Holiday, 1972), fennel (Pryor et al., 2007), fumitory (Coles et 
al., 2003a) and caraway (Tylkowsa, 1992) as well as grapes (Subramoniam & Rao, 1975). 
However, Farrar et al. (2004) questioned the methodological validity of some reports and so 
this list of alternative hosts of A. radicina should not be considered definitive. 
In New Zealand, celery (Apium graveolens) and fumitory (Fumaria muralis and F. 
capreolata) have been reported as alternative hosts for A. radicina where umbelliferous crops 
were not grown (Soteros, 1979b). However, their significance as alternative hosts for this 
disease is not known. Therefore, it was considered important to determine if plants other than 
carrot can support the growth of A. radicina in Mid-Canterbury.  
This study reports a survey conducted over two seasons to examine A. radicina infection on 
all plants which were earlier reported as alternative hosts, or not reported but commonly 
found within or around carrot fields. Their role as potential alternative hosts to carrot in Mid-
Canterbury is discussed. 
4.4.2 Materials and Methods 
 In 2006-08 a total of 20 different carrot fields were selected at random for investigation of 
potential alternative hosts and all the adjacent fields were surveyed. These plants which had 
either been reported as alternate hosts in the literature, or not reported but generally found in 
Mid-Canterbury (Table 4.5), were closely observed for any kind of disease lesions. When 
found, the diseased samples of leaves and/or stem of weeds and other crops were collected 
from the fields and placed overnight in a humid chamber to stimulate spore production. A 
small piece (about 0.5 cm) from a margin of the lesion of each incubated sample was placed 
on a glass slide and examined under a light microscope at 400× magnification for the 
presence of A. radicina conidia. Any samples that had similar structures to A. radicina 
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conidia (see Section 2.3.3.3) were further tested. A small (about 0.5 cm) rectangular piece was 
excised from the margin of the lesion with a scalpel and plated on ARSA medium without 
surface sterilisation (because 1: the selective medium was available and 2: surface sterilisation 
could also kill the pathogen) and incubated for 7 days at 28ºC under 12-h diurnal cool-white 
light. After incubation the plates were examined for the typical colony growth of A. radicina 
(see Section 2.3.3.1). These colonies were aseptically transferred to APDA medium and the 
identity confirmed based on the criteria described by Pryor and Gilberton (2002) (see Section 
2.3.3.4).  
Table 4.5  List of plants included in the survey. 
No. Common name Scientific name 
1 Fumitory* Fumaria officinalis 
2 Wild carrot* Daucus carota 
3 Celery*  Apium graveolens 
4 Parsnip* Pastinaca sativa 
5 Parsley* Petroselinum crispum 
6 Fennel* Foenniculum vulgare 
7 Dill* Anethum graveolens 
8 Celeriac* Apium graveolens 
9 Caraway* Carum carvi 
10 Grapes*  Vitis vinifera 
11 Hemlock  Conium maculatum 
12 Wheat  Triticum aestivum 
13 Pea  Pisum sativum 
14 Forage brassica Brassica oleracea 
15 Perennial ryegrass Lolium perenne 
16 Sweet corn Zea mays 
17 Radish Raphanus sativus 
18 Oat Avena sativa 
19 Barley Hordeum vulgare 
20 Red beet Beta vulgaris 
21 Fathen Chenopodium album 
22 Cornbind Polygonum convolvulus 
23 Black nightshade  Solanum nigrum 
24 Subterranean clover Trifolium subterraneum 
25 Mares tail  Conyza canadensis 
26 Field pansy  Viola arvensis  
27 Wire weed  Polygonum aviculare 
28 Field speedwell Veronica agrestis 
29 Amaranth  Amaranthus retroflexus 
30 Shepherd’s purse Capsella bursa-pastoris 
31 Dock  Rumex crispus 
32 Corn spurrey Spergula arvensis 
33 Chickweed  Stellaria media 
34 Chamomile  Matricaria perforate 
* indicates that the plant was previously reported as an alternative host of A. radicina. 
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4.4.2.1 Statistical analysis 
For plants which were found infected with A. radicina the percentage of infected samples per 
field is presented with a 95% confidence interval (Genstat Edition 12; Lawes Agricultural 
Trust, Rothamsted Experimental Station, Hertfordshire, UK).  
4.4.3 Results 
During the survey, out of all the reported alternative hosts of A. radicina and the other plant 
species listed in Table 4.5, only fumitory (Figure 4.11) was found to carry the pathogen. 
Fumitory was found in and around all 20 carrot fields. The incidence of A. radicina infected 
fumitory plants varied from 0 to 90% (mean = 32.6 ±16.4%). Fumitory plants were also 
infected with A. dauci. 
 
Figure 4.11 View of Fumaria officinalis. 
4.4.4 Discussion 
In the two years of the survey fumitory was the only plant which was found to be infected 
with A. radicina. Fumitory was earlier reported in New Zealand as an alternative host for A. 
radicina in the North Island (Soteros, 1979b), and now this study has confirmed it as an 
alternative host in the South Island. However, fumitory is rarely found in carrot fields as 
Canterbury farmers effectively control this weed using herbicides (R. Wilson, personal 
communication, 2007).  
Wild carrots are also generally controlled by farmers and seed companies by spraying or 
roguing within and around the carrot fields to prevent genetic contamination during hybrid 
carrot seed production. Another possible host, hemlock, is rarely found within or around 
carrot fields, being more common in forest land; and grapes are rare in Mid-Canterbury, being 
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more common in North Canterbury, mainly the Waipara region (J. Townshend, personal 
communication, 2006). The umbelliferous field crops which were previously reported as 
potential alternative hosts viz., celery, caraway, dill, fennel, parsley and parsnip are rarely 
grown in Mid-Canterbury. Absence of the pathogen from the other weeds and crops was also 
not surprising as none of these have been reported as alternative hosts. 
In Canterbury carrot seed production the plants remain in the field for 14 months. This means 
that before harvesting the current seed crop, a two month old crop may already be established 
in an adjacent field. Spore trapping experiment results (see Section 4.5.3.1) showed that wind-
borne inoculum of A. radicina can disperse from an infected carrot field to a new field and 
that maximum dispersal occurs at the time of crop cutting and seed harvesting. Since the 
previous and new fields are usually quite close to each other (for example Figure 4.12) the 
pathogen is easily dispersed by wind. A similar study by Humpherson-Jones and Maude 
(1982) also found that in a long season (13-16 months) of a brassica seed crop there was an 
overlap of up to 4 months between consecutive crops, and therefore wind-borne inoculum 
from the old crop was a potential source of infection by A. brassicicola in a young crop in an 
adjacent field. 
 Alternaria radicina does not appear to depend on any alternative host for its survival in 
Canterbury, for two reasons; first there is no “off-season” because of the green bridge 
provided between consecutive carrot crops, and second, conidia of A. radicina can survive in 
the soil for up to 8 years without any host in the soil (Maude & Shuring, 1972; Maude & 
Bambridge, 1991, as both cited in Farrar et al., 2004; Section 4.3).  
 
Figure 4.12 Satellite view of fields on one farm in which carrots were grown in different 
years in Canterbury: A=2006-07; B=2007-08; C=2008-09 and D=2009-10. 
B 
C 
C 
D 
A 
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4.5 Movement of inoculum from an existing crop, and after harvest, 
to new crops 
4.5.1 Introduction 
Foliage infection caused by A. radicina usually starts in Mid-Canterbury carrot seed crops on 
lower and mature leaves in winter, and as the carrot plant grows the infection moves up the 
plant. On the surfaces of lesions, A. radicina produces conidia, mostly singly or sometimes in 
chains of 2 or 3, on conidiophores. These surface borne conidia are easily dispersed through 
wind and provide a major source of secondary infection to other plants/fields (Farrar et al., 
2004). Although a major fungal pathogen of carrot which causes economic damage, no 
detailed investigation has been reported on wind dispersal of A. radicina. Previous researchers 
have focused on the dispersal of A. dauci in carrot or other Alternaria spp. in other crops.  
In carrots, A. dauci conidia are firmly attached to conidiophores, requiring a wind velocity of 
2-3 m/s to dislodge them from their source (Strandberg, 1977). The quantity of conidia 
dispersed directly depends on conidial production. However, weather conditions required for 
conidium production and conidium dispersal are opposite to each other. Sporulation of A. 
dauci generally occurs at night when leaves are wet with dew and there is high atmospheric 
humidity, at low temperature and low wind velocity. During the following day as the sun 
rises, leaves of the carrot plant start to dry and with increasing temperature and wind velocity, 
the dispersal of A. dauci increases and reaches a maximum at about 6.5 h after sunrise. Later 
in the day the dispersal decreases, mainly because the numbers of conidia are depleted 
(Langenberg et al., 1977; Strandberg, 1977). 
Humpherson-Jones and Maude (1982) studied dispersal of A. brassicicola in a Brassica 
oleracea seed crop in the UK in 1976 and 1977 and found that the dispersal occurred all 
season, but sharply increased on the day the crop was cut, while maximum dispersal occurred 
at seed harvest. They also studied dispersal at different distances from the maturing crop at 
different growth stages in 1977, when they recorded the maximum dispersal distances of 1000 
m at crop cut and 1800 m at seed harvest. They also reported that the dispersal of spores 
sharply declined after harvest because the source of conidia was destroyed during post-harvest 
burning (Appendices D.2.1 & D.2.2). 
Rotem (1991, as cited in Rotem, 1994) reported that the amount of wind dispersal of A. 
macrospora varied at different heights at which the spore trap was set from the ground. Spore 
dispersal increased with increasing height and reached a maximum at a height of 120 cm from 
the ground (Rotem, 1991, as cited in Rotem, 1994; Appendix D.2.3). 
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The dispersal phenomenon of other Alternaria spp. may not necessarily apply to A. radicina. 
Therefore, this study was conducted during 2007-09 to investigate three different aspects of 
wind dispersal of A. radicina: 
• Distance of dispersal from an existing carrot seed crop 
• Dispersal within a carrot seed crop at different growth stages 
• Dispersal within the carrot seed crop canopy at different heights  
4.5.2 Materials and Methods 
4.5.2.1 Construction of conidia trap 
The conidia trap used was adapted from Hirst (1952) who constructed an automatic 
volumetric conidia trap in which conidia entered through an orifice and stuck to a Vaseline™ 
coated microscopic glass slide which was moving at 2 mm/h. Hirst used Vaseline™ because 
of its adhesiveness and hygroscopic (remaining wet during exposure) nature, which allowed 
shrunken conidia to be collected for an accurate identification and a better optical view under 
the microscope. In the present study a simple conidia trap was constructed by using a 
microscope glass slide (76 × 26 mm) on which one of the surfaces was thinly coated with 
Vaseline™ and was mounted on the top end of a wooden stick by using adhesive tape (Figure 
4.13). The stick was pressed into the ground in such a way that it did not move in the wind.  
The effectiveness of the conidia trap to catch dispersed A. radicina conidia in the field was 
determined in a preliminary test by placing five traps within a carrot seed field for 24 h. 
Conidia were trapped and readily identified as A. radicina. 
 
Figure 4.13 Close view of Vaseline coated conidial traps mounted to the stick using 
adhesive tape. 
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4.5.2.2 Conidial dispersal at different distances from the carrot seed crop  
The experiment was set up in 2007 in Mid-Canterbury in a field adjacent to and down-wind of 
an existing carrot seed crop (10 ha) (43º53’57.59”S 171º50’06.66”) to track the movement of 
A. radicina inoculum from it and then the same experiment was repeated in 2008 in a 
different 10 ha carrot seed crop (43º54’02.36”S 171º50’40.16”) (Figure 4.14).  
 
 
 
 
  
 
 
Figure 4.14 Experimental design showing conidial traps in relation to carrot seed crop. 
Crosses indicate the location of spore traps. A total of ten traps was placed at 
each distance. 
 
The conidial trapping was done at three different times: the day the crop was cut, at seed 
harvest and seven weeks after harvest. At all three times, the height of the trap exposure was 
fixed at 80 cm (which is about the canopy height of mature carrot seed plants) as suggested by 
Wadia et al. (1995) who trapped maximum dispersal of A. brassicae at the canopy level of oil 
seed rape. The conidial traps were set up at six distances, viz. 1, 2, 5, 10, 20 and 135 m, from 
the existing carrot field. A further distance beyond 135 m was not possible as this was the 
farmer’s boundary. At each distance, ten conidial traps were placed with the Vaseline face of 
the glass slide traps facing towards the carrot field and against the predominant wind 
direction, which was decided by checking the weather forecast for that day.  
At the different growth stages, the traps were installed in the field at about 8 am and left in 
place for 24 h at crop cut (on 22/3/2007 and 15/3/2008), and at seed harvest (29/3/2007 and 
22/3/2008). At seven weeks after harvest the traps were installed in the field at about 8 am 
and left in place for 72 h (29-31 May 2007 and 16-18 May 2008). At this time the previous 
Distance from the field 
Prevailing 
wind 2007 
       135 m                                      20 m                 10 m            5 m    2 m   1 m  
10 m 
Carrot field 
Prevailing 
wind 2008 
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carrot crop debris had been grazed by sheep (Figure 4.15), ploughed into the field and a new 
non-carrot crop sown. Accordingly a longer exposure time was used to ensure that some 
inoculum was trapped as the source of dispersal was depleted. The traps were installed about 
8 am because Waals et al. (2003) found that maximum dispersal of Alternaria solani occurred 
in a potato crop between 0900 and 1800 with a peak at noon. During the seed harvest a dust 
cloud of conidia was formed in the carrot field (Figure 4.16). 
 
Figure 4.15 View of sheep grazing carrot crop residues after seed harvest. 
 
Figure 4.16 Dust cloud formation during carrot seed harvesting in a Mid-Canterbury carrot 
field. 
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4.5.2.3 Conidial dispersal within a carrot seed crop at different growth stages 
To track the movement of A. radicina conidia within a carrot seed crop, an experiment was 
set up during 2007-08 at Farm A (43º53’58.78”S 171º50’43.19”E) and in 2008-09 at Farm B 
(43º48’51.74”S 171º57’54.48”E). Three trapping times, viz. 4, 8 and 12 months after sowing, 
were used. The timings were selected based on growth stage, the amount of A. radicina 
infection and prevailing weather conditions in Mid-Canterbury. At four months after sowing 
(i.e. six leaf stage) the season is winter in Mid-Canterbury and the infection normally starts on 
lower and maturing leaves; at eight months after sowing (i.e. during bolting) the spring season 
starts and the infection usually starts spreading to other parts of the plant, and at 12 months 
after sowing (i.e. just after pollination) the season is summer and the infection has usually 
reached the top leaves/stem. The conidia traps were made as in Section 4.5.2.1 and trap height 
was set at the current plant canopy height. At four and eight months after sowing, traps were 
placed between two rows of female carrot plants (as the plants were small), but at 12 months 
after sowing, the gap between the two rows had disappeared (covered by adjacent plants with 
their canopies). However, by then the males had been removed from the field leaving an 
ample gap between two beds of female plants which was where the traps were placed (Figure 
4.17).  
At each sampling period, four days (Table 4.6) of clear weather were selected (based on 
weather forecasting) which represented four replicates in time. On each day ten traps were 
placed in randomly selected positions in the naturally infected carrot field.  
  
Figure 4.17 Positions of conidial traps between two rows (A) and two beds (B) of carrot 
plants. 
 
A B 
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Table 4.6  The dates used for conidial trapping within the carrot seed crop. 
Growth stages 2007-08 year trial 2008-09 year trial 
Four months after 
sowing 
4 May, 9 May, 14 May 
and 29 May 2007 
7 May, 16 May, 22 May and 
29 May 2008 
 
Eight months after 
sowing 
21 September, 28 
September, 20 October 
and 29 October 2007 
21 September, 27 September, 
14 October and 28 October 
2008 
12 months after 
sowing 
3 January,11 January, 17 
January and 25 January 
2008 
6 January, 14 January, 23 
January and 29 January 2009 
 
4.5.2.4 Conidial dispersal within the carrot seed crop canopy at different 
heights 
The experiment was set up in a Mid-Canterbury carrot field (43º48’51.74”S 171º57’54.48”E) 
to detect the source of inoculum within the canopy at two different times: during flowering 
(23 January 2009) and a day before the crop was cut (16 March 2009). The timings were 
determined because 1: at flowering, the carrot plant had achieved its maximum height; and 2: 
to determine where infection and sporulation were sited in mature carrot plants.  
Trapping was done at four randomly selected sections of a carrot field which were considered 
as four replications. Each replication consisted of 10 sets of conidial traps. 
In each replicate, ten 2 m wooden sticks were installed 30 cm away from any carrot plants at 
different places. The sticks were then marked at different heights (5, 25, 45, 65, 85 and 105 
cm) above the soil surface by using a measuring tape. At each height a Vaseline™ coated 
slide was mounted horizontally on the wooden stick using adhesive tape (Figure 4.18).  
To trap as much inoculum as possible: 1, the Vaseline coated slide surfaces were placed face 
exposed to A. radicina infected carrot plants; and 2, the traps were installed in the field on a 
clear day and at least 24 h after the last rain because rain might have washed conidia from the 
source of dispersal (infected carrot plants).  
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Figure 4.18 View of conidial traps at different heights above the soil surface. 
 
After the trapping period, the traps were carefully removed and placed in a slide box and 
brought to the laboratory for microscope examination. To reduce the amount of microscope 
work, the back surface of the Vaseline coated slide was equally divided into six parts along 
the breadth, demarcating the boundaries by using a very fine point marker. Out of six parts, 
three of these were randomly selected (some portion of the slide was originally covered under 
adhesive tape, and therefore only the parts actually used for trapping were selected) and 
examined using a binocular microscope (100× and 450×). The numbers of conidia per slide 
were calculated by doubling the figures counted from the three portions of the slide. For 
conidia that fell on the drawn lines only those conidia on the right hand side of the slide 
division were counted. The morphological identification of A. radicina conidia was done as 
described in Section 2.3.3.3.  
4.5.2.5 Statistical analysis 
For Experiment 4.5.2.1, the data from each sampling time in each year were separately 
analysed. The mean numbers of conidia from the ten replicate slides of each distance from the 
existing carrot field were plotted against distances from the source field. For normal 
distribution, the independent variables (the distances from the existing field) were log 
transformed after adding a constant (1). In 2008, at seven weeks after harvest no conidia were 
trapped at 135 m distance thus to avoid a value of zero the mean conidial numbers collected 
in 2008 was added to a constant (0.5). The estimation of trend was determined based on the 
significance of P value, coefficient of determination (R2) and standard errors of estimates. 
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However, data which did not fit a linear trend are presented as a non-linear trend. The 
relationships between the numbers of conidia trapped per slide and the trapping distance from 
the carrot field at different sampling times were established with correlation and regression 
analysis.  
In Experiments 4.5.2.2 and 4.5.2.3, data were normally distributed and so the analysis was 
performed on raw data. To determine the potential effect of crop growth stages in different 
years on conidial dispersal a two-way ANOVA was performed. Similarly, in Experiment 
4.5.2.3 the effects of exposure heights and sampling times on conidial dispersal were 
determined through two-way ANOVA. When the ANOVA effect was significant at P≤0.05, 
then only the effects of treatment and interaction means were further explored by using 
Fisher’s protected LSD0.05. All the statistical computation was carried out using Genstat 
Edition 12 (Lawes Agricultural Trust, Rothamsted Experimental Station, Hertfordshire, UK). 
4.5.3 Results 
4.5.3.1 Conidial dispersal at different distances from the carrot seed crop 
There was a significant (P<0.05) negative correlation between the numbers of conidia trapped 
and distances from the field at all the three sampling times in both year (Figures 4.19 & 4.20; 
Table 4.7). The dispersal data in either year at crop cut and seven weeks after harvest fitted 
into linear and exponential models, respectively. However, the data at seed harvest in 2007 
and 2008 fitted into a polynomial and linear model, respectively (Figures 4.19 & 4.20; Table 
4.7). 
Conidia of A. radicina were dispersed by wind from an existing carrot field to at least a 
distance of 135 m across a neighbouring field. In both the years, conidia were detected at all 
the six distances at each sampling time, except for the 135 m distance in 2008 (in Figure 4.20, 
dispersal data at seven weeks after harvest was added to a constant). In both years, the 
greatest numbers of conidia were trapped at seed harvest followed by crop cut, with fewer 
conidia trapped seven weeks after crop harvest, for at all distances monitored (Figures 4.19 & 
4.20).  
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Figure 4.19 Relationship between average numbers of conidia trapped and distance from 
the carrot seed crop at three sampling times in 2007. Retransformed values for 
0.3, 0.5, 0.8, 1, 1.3 and 2.1 are 1, 2, 5, 10, 20 and 135 m, respectively. 
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Figure 4.20 Relationship between average numbers of conidia trapped and distance from 
the carrot seed crop at three sampling times in 2008. Retransformed values for 
0.3, 0.5, 0.8, 1, 1.3 and 2.1 are 1, 2, 5, 10, 20 and 135 m, respectively. The 
dispersal data presented at all the three sampling time were added to a constant 
(0.5). 
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Table 4.7  The standard errors of estimates, coefficient of determination (R2) and P value 
for the trends best fitted at each sampling time in 2007 and 2008. 
2007 2008 Sampling 
times Standard 
errors of 
estimates 
R2 P value 
for slope 
Standard 
errors of 
estimates 
R2 P value 
for slope 
At crop cut 0.14 0.98 <0.001 0.25 0.94 0.005 
At seed harvest 0.26 0.95 0.030 0.37 0.87 0.030 
Seven weeks 
after harvest 
0.30 0.93 0.008 0.18 0.97 <0.001 
 
4.5.3.2 Conidial dispersal within a carrot field at different growth stages 
There was a significant effect of growth stages (P<0.001) and farms (P=0.01) on average 
number of conidia trapped, but no significant interaction between them (P=0.61) (Figure 
4.21). At four months after sowing, the conidial dispersal was low but as the plants grew older 
the numbers of conidia significantly (P≤0.05) increased, with the maximum detected at 12 
months after sowing. The number of conidia trapped at Farm A was significantly (P≤0.05) 
higher than those detected at Farm B (Figure 4.21). 
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Figure 4.21 Mean numbers of Alternaria radicina conidia trapped per slide at the canopy 
level of carrot plants at their different growth stages at Farm A in 2007-08 and 
at Farm B in 2008-09. Presence of bars for the effect of growth stage and farm 
indicates Fisher’s protected LSD values for a significant effect (P≤0.05). 
However, absence of an LSD bar for the interaction between growth stage × 
farm indicates no significant effect (P>0.05). 
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4.5.3.3 Conidial dispersal within the carrot seed crop canopy at different 
heights 
There was a significant (P<0.001) effect of exposure height on numbers of conidia trapped 
(Figure 4.22). The numbers of conidia trapped at heights of 5, 25 and 45 cm were 
significantly (P≤0.05) lower than at the greater heights in the canopy. The dispersal sharply 
increased (P≤0.05) when the height of the trap was increased to 65 and 85 cm above the 
ground, but when the height was further increased to 105 cm, the numbers of conidia trapped 
significantly (P≤0.05) declined (Figure 4.22).  
The effect of trapping time was close to being significant (P=0.052) There was a significant 
(P=0.03) interaction between trapping height and trapping time (Figure 4.22). At heights of 5, 
25 and 45 cm above ground numbers of conidia trapped did not differ (P>0.05) between the 
two sampling times, but at heights of 65, 85 and 105 cm the numbers of conidia trapped were 
significantly (P≤0.05) higher a day before the crop was cut than at flowering (Figure 4.22). 
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Figure 4.22 Mean numbers of Alternaria radicina conidia trapped at different trap heights 
above the soil surface at two sampling times. Presence of bars for the 
interaction between exposure height × time and the effect of exposure height 
indicates Fisher’s protected LSD values for a significant effect (P≤0.05). 
However, absence of an LSD bar for the effect of time indicates no significant 
effect (P>0.05). 
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4.5.4 Discussion 
4.5.4.1 Conidial dispersal at different distances from the carrot seed crop  
Conidia of A. radicina were successfully trapped 135 m from a carrot seed crop, which was 
not surprising, as, Humpherson-Jones and Maude (1982) trapped A. brassicicola conidia up to 
1000 m at crop cut and 1800 m at seed harvest from an existing cabbage seed crop. Gregory 
(1973) noted that the Alternaria spp. have a large conidial body that helps spores to float in a 
wind stream and be dispersed over long distances. 
Two successive years of field study suggested that the maximum amount of A. radicina 
inoculum was dispersed at seed harvest, with a smaller amount at crop cutting. However, after 
harvest the conidial dispersal sharply declined and this is primarily because the source of 
inoculum was depleted. Humpherson-Jones and Maude (1982) found similar results while 
studying dispersal of A. brassicicola in a commercial cabbage seed crop. In the present study, 
during harvest a dust cloud was formed in the carrot seed crop which probably contained 
inoculum that was dispersed through wind (see Figure 4.16). Waals et al. (2003) also 
conducted a conidial trapping experiment for A. solani in a South African potato field and 
found maximum conidia dispersal during the time of harvest, because when ground operated 
farm equipment was used the plants were disturbed, dislodging conidia from leaf surfaces into 
the prevailing wind stream.  
After harvest spore dispersal declined, and this was probably due to grazing of dead crop 
debris by sheep in both fields (see Figure 4.15), and subsequently from the field being 
ploughed and prepared for a new crop. However, low numbers of conidia were still trapped 
after this period, possibly because the debris was not completely buried and the new crop had 
not attained full ground cover at the time of trapping. 
In the present study, the dispersal data at different sampling times fitted linear as well as non-
linear models. Fitt et al. (1987), who reviewed previous work on spore dispersal, reported that 
many researchers had used non-linear models to describe dispersal distances travelled from 
spore sources. Gregory (1968) assumed that dispersal from the source declined according to a 
power model, while Kiyosawa and Shiyomi (1972) determined that dispersal followed an 
exponential model. However, McCartney and Bainbridge (1984) found that the power model 
over-estimated the amount of inoculum deposited near the source, whereas the exponential 
model under-estimated it. In this study the distances at which conidia were trapped was 
measured from the edge of the field, which was not necessarily the distance from the source 
of individual conidia, because hundreds of rows were planted upwind of the traps in a 10 ha 
field. The lack of a point source makes it difficult to interpret the trends in dispersal distances. 
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The traps placed at 1 m and 20 m distance from the existing field were only 19 m away away 
from each other, as compared to those at 135 m. Therefore, the numbers of conidia trapped at 
distances up to 20 m did not differ very much, as compared to those trapped at 135 m. 
4.5.4.2 Conidial dispersal within a carrot seed crop at different growth stages 
For two consecutive years, low numbers of conidia were detected four months after sowing, 
but as the season progressed higher numbers of conidia were trapped. The results agree with 
the previous information about the disease development in the field, as the necrotrophic 
Alternaria spp. generally sporulate more on dead and dying tissues than on green tissues, and 
therefore produce maximum conidial numbers later in the season (Cohen & Rotem, 1987).  
4.5.4.3 Conidial dispersal within the carrot seed crop canopy at different 
heights 
When conidial trapping was conducted from mature plants, two main effects were observed. 
Firstly, greater numbers of conidia were trapped from the plants with mature seeds than from 
flowering plants, due to a greater amount of necrotic tissues on the former. Secondly, most 
conidia were trapped at a height of 65-85 cm above the ground, which was near to the plant 
canopy height (~80 cm). Although A. radicina infection levels are usually greater on older 
plant tissues, this study detected only a small number of conidia near ground level. A similar 
pattern of conidial dispersal was observed by Wadia et al. (1995) for A. brassicae in an oil 
seed rape crop which reached a maximum at the top of the canopy. The effect of wind 
pattern in carrot seed crops is not well documented. However, wind flow and velocity within 
and across rows can differ. Primault (1979) demonstrated that in orchards when wind moved 
perpendicular to plant rows, it was initially intercepted by the first row and then the second 
and so on, which gradually decreased the wind velocity, by up to 20% of what it would be in 
an open field, just above the canopy. The wind flow above the canopy produces an 
accelerated flow, while below that it produces a turbulence (gusty or unstable flow of wind) 
zone between two rows (Figure 4.23). This turbulence has been earlier reported to play an 
important role in conidial dispersal (McCartney, 1994; Wadia et al., 1998). If the wind is 
flowing parallel to the plant rows then wind is channeled down the rows without much 
interference (Primault, 1979). 
Wind turbulence reduces the boundary layer of still air present around the leaf surface and 
exposes the conidia to wind eddies (Gregory, 1973). Wadia et al. (1998) reported that 
turbulent wind released more conidia than a steady wind, but they followed a different 
dispersal path and distance due to the different wind velocities. Gusts of wind may move 
conidia into the atmosphere (McCartney, 1994), which may explain why significantly 
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(P≤0.05) fewer numbers of conidia were trapped at lower levels, despite the majority of 
sources of inoculum being produced there. This effect might have been greater in the second 
trapping assessment because by then the male plants had been removed, creating a larger gap. 
However, wind velocity increases with height above the canopy level. Although the dispersal 
of Alternaria accelerates with increasing wind velocity, very high wind velocity could cause 
violent dispersal of conidia and this might result in low trapping numbers (Rotem, 1964). This 
could be the reason why significantly (P≤0.05) fewer conidia were trapped at 105 cm as 
compared to 65 and 85 cm height (near to the top of the canopy). 
 
Figure 4.23 Movement of wind when moving perpendicular to the orientation of the plant 
rows (Primault, 1979). 
 
The present study identified the trapped conidia on the basis of microscopic examination. 
Although care was taken, the possibility of human error cannot be ruled out. The slide trap 
system used in this study was inexpensive but did involve a lot of microscopic work which 
was time and labour consuming. Also, any mycelial fragments detected on the slide trap were 
ignored because their accurate identification was not possible under a microscope. Future 
research could focus on quantification of A. radicina dispersal using a quantitative PCR 
method. Recently, Kaczmarek et al. (2009) found a positive correlation between microscopic 
examination and quantitative PCR in detecting Leptosphaeria spp. in oilseed rape. The results 
of such a quantification could possibly be used to develop a fungicide spray forecasting 
system. 
Although rain free days were selected for trapping, other factors might have affected these 
results, as the dispersal of Alternaria spp. can be affected by the prevailing temperature, 
relative humidity, wind speed and amount of inoculum in the field (Rotem, 1994). However, 
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the effects of these environmental variables were not investigated in this study, and should be 
included in any future work.  
4.6 Conclusions 
The field study found a range of 33-233 CFUs of A. radicina/g soil in Mid-Canterbury carrot 
fields, and demonstrated a significant positive relationship between soil-borne inoculum with 
black root rot disease incidence and severity. Moreover, the greenhouse study demonstrated 
the negative impacts of soil-borne inoculum on seedling emergence of two carrot cultivars. 
Both these studies indicate the need for soil testing, to determine the A. radicina inoculum 
load, before selecting fields for growing carrot. This may help growers to increase seedling 
emergence and also mitigate the problem of black root rot disease and subsequent 
development of foliage infection. The present study showed that as little as 33 CFUs/g soil 
was enough to cause an outbreak of the disease, and in theory, fields with higher inoculum 
levels should be avoided for carrot growing. However, whether this is possible is not yet 
known; an intensive survey of Mid-Canterbury fields will be required to provide more 
extensive data on soil-borne inoculum. A field which had not previously grown carrots and 
which was tested in this study appeared to be free of inoculum, but whether this is also the 
case for other fields will need to be determined. 
The propagule survival study confirmed previous findings that the A. radicina conidium is a 
survival propagule. However, mycelium was able to survive for a short time on plant debris, 
and only after debris decomposition had occurred did conidia appear. Carrot plant debris 
facilitated the growth of the fungus and increased the longevity of the propagule in the soil; 
therefore clean cultivation is needed to minimise the problem. However, clean cultivation is 
not enough as the pathogen can also survive in soil without plant debris. Therefore, besides a 
long crop rotation with suitable non-host crops (see Section 5.3), chemical or biological soil 
treatments may also be required to reduce inoculum build-up (see Section 5.4).  
The survey searching for alternative hosts revealed that there are no important alternative 
hosts of A. radicina in Mid-Canterbury. Although fumitory was found to be infected with A. 
radicina, its low infestation and ease of control by the current management practices makes 
the weed unimportant. At present there is no off-season in Mid-Canterbury because of the 
green-bridge provided between overlapping seasons for carrot seed crops. The conidial 
dispersal study confirmed previous reports that A. radicina is wind dispersed. Dispersal was 
detected by four months after sowing and increased as the plants grew older. Maximum 
dispersal occurred during seed harvesting and was much lower from the debris left after 
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harvest. The study also concluded that the maximum dispersal occurred near the top of the 
crop canopy although infection was greater on plant tissues lower in the canopy. 
It is impossible to restrict wind-borne dispersal of spores, but some steps may minimize it. 
For example, maximum wind dispersal usually occurs around noon and therefore crop cutting 
should be done during the early morning or late afternoon and seed harvesting in the late 
afternoon. The present study showed that inoculum was dispersed after seed harvest from the 
debris left in the field, and therefore this debris should be burnt or grazed by sheep as early as 
possible. When selecting a new field for growing carrot seeds a grower should also consider 
the position of existing carrot seed crops and prevalent wind direction during late summer and 
autumn, which is the normal time of crop cutting and seed harvesting in Mid-Canterbury. If 
possible, time or day of cutting/harvesting could be selected based on the weather forecast, to 
avoid wind dispersal of conidia towards a newly established carrot seed crop. However, the 
possibility of dispersal from a neighbour’s carrot fields cannot be avoided. An effective 
fungicide or biological control spray program before cutting the crop (see Section 6.2) may 
also help to prevent or minimise the pathogen dispersal. Since inoculum was detected four 
months after sowing an early spray of an effective fungicide (see Section 5.4) or thermal 
treatment (see Section 5.2) may help to stop this early inoculum build up in the field. Also 
conidia trapping could be considered as a tool to help in developing a fungicide use 
forecasting system. 
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     Chapter 5 
Investigation of control methods applied prior to seed 
sowing or during vegetative growth to prevent            
Alternaria radicina infection of carrot plants 
 
5.1 Introduction  
Alternaria radicina can cause severe damage to carrot crops by preventing successful 
seedling emergence, reducing photosynthetic capacity through foliar lesions, and/or rotting of 
roots. Infection during the vegetative growth of the carrot seed crop often results in poor seed 
yield and low seed quality. In New Zealand, carrot seed production currently uses fungicides 
to control A. radicina during the vegetative growth of carrot plants, but satisfactory control is 
rarely achieved (J. Townshend, personal communication, 2006). In organic production no 
control measure are currently available for use during carrot vegetative growth (R. Wilson, 
personal communication, 2006).  
The efficacy of a range of control methods, viz. physical, cultural, chemical and biological, 
which might be adopted in conventional and/or organic carrot seed production in Mid-
Canterbury, was investigated. In this chapter, each type of control method is presented in an 
individual section with an introduction, materials and methods, results and discussion. An 
overall conclusion is presented at the end of the chapter. 
5.2 Physical control 
5.2.1 Thermal control of the disease during vegetative growth 
5.2.1.1 Introduction 
Thermal treatment (predominantly flaming) has been used as a method to control weeds 
(Atkinson, 1995; Collins, 1999), pests and diseases (Hardison, 1976; Skoglund et al., 1999). 
In Mid-Canterbury, thermal treatment of carrot seed crops during vegetative growth has been 
suggested as a method for controlling weeds in organic carrot seed production (Merfield et 
al., 2009). However, thermal treatments can also control some soil-borne diseases by killing 
the resting structures of the pathogens, although the effectiveness depends on the heat that can 
be applied and depth to which heat can penetrate the soil (Newhall, 1955; Bollen, 1985). The 
use of heat to control pathogens in seeds and in harvested crops (e.g. carrot roots) has been 
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effectively applied for many years (Farrar et al., 2004), but the ability of such treatments to 
control foliar pathogens has been little investigated.  
In Mid-Canterbury, A. radicina infection on carrot foliage is most commonly observed during 
winter when the lower and senescing leaves touch contaminated soil, although foliar infection 
can also occur during autumn following the wind spread of inoculum from the adjacent seed 
crop at harvest (see Chapter 4). From the leaf, the infection then spreads to the petiole which 
creates an avenue for root infection during summer. As the plant becomes reproductive, the 
pathogen spreads to newly formed leaves and eventually to the umbel, allowing infection of 
seed. The disease, therefore, spreads across a plant and throughout the crop through foliage 
infection. One opportunity to break or delay the disease cycle of the pathogen is to prevent 
foliage infection during vegetative growth. Thermal treatment could be a useful method to 
achieve this as the method was earlier reported to kill foliar pathogens, viz. A. radicina, A. 
dauci and Cercospora carotae, of carrot plants in a glasshouse trial (Merfield, 2006). 
However, these results were not validated in field conditions.  
The present study was therefore designed to test the effects of flaming and steaming at 
different tractor speeds (Merfield, 2006) to sanitise dead and infected carrot crop material, 
thereby initially reducing foliage infection and later black root rot infection by A. radicina. 
5.2.1.2 Materials and Methods 
Trials were conducted for two years. In the first year, both steaming and flaming were tested 
with the major focus on flaming (see Section 5.2.1.2.1), but in the second year the trial tested 
steaming only (see Section 5.2.1.2.2). 
5.2.1.2.1 First Year Experiment (2006) 
Carrot seed crops on four Mid-Canterbury farms (Farm 1 at 43°53’45.26”S 171°50’12.29”E, 
Farm 2 at 43°51’06.55”S 172°01’39.41”E, Farm 3 at 43°49’12.51”S 171°57’08.96”E and 
Farm 4 at 43°48’16.09”S 171°36’38.79”E) were chosen for the thermal trials. Flaming 
treatments were applied at all four farms, while steaming treatments were applied only at 
Farms 1 and 2. All four farms had carrot crops naturally infected with A. radicina. The female 
and male parent lines growing at Farm 1 were MID A5 (♀) and MID C63 (♂); Farm 2, MID 
A16 (♀) and MID C65 (♂); Farm 3, MID A6 (♀) and MID C71 (♂); and Farm 4, MID A16 
(♀) and MID C64 (♂). 
Merfield (2006) described a tractor mounted flame burner, and Merfield et al. (2009) 
described a tractor mounted steamer. The same two machines were used in this study (Figure 
5.1). Merfield (2006) reported that the heat delivered to carrot foliage by the flame burner and 
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the steamer was about 700°C and 230°C, respectively. In this trial, in the absence of any other 
recommendations, the same tractor speeds (1.7, 2.3 and 2.9 km/h) as trialed by Merfield 
(2006) for weed control were used. These speeds were achieved after experimentation to 
select the best combination of tractor gears following recording of the time taken to travel 100 
m. There were therefore four treatments, including a non-treated control, at each farm. As 
flaming was the major method being investigated in this year, flaming treatments were 
replicated four times at each farm. Steaming, at the same three tractor speeds, was only 
included for observation, and there were only two replicates at each farm. The treatments 
were arranged in a randomised block design. The experimental plot (15 × 3 m) comprised six 
rows of female carrot plants. At all the farms, the treatments were applied on the 6 September. 
All data were taken from the middle 5 m of the plot, with the first and last 5 m considered as a 
buffer (to avoid any problem with changes in tractor speed between consecutive plots). The 
trial sites were later treated with fungicides as per the unknown Midlands Seed Ltd 
commercial spray program.  
 
Figure 5.1 View of flaming (A) and steaming (B) experiment in carrot field. 
 
5.2.1.2.1.1 Assessment of biomass and dry weight 
After application, the effects of the flaming and steaming treatments on the carrot plants were 
assessed by visual observation of regrowth at regular intervals. Carrot plant dry matter 
accumulation was determined on 7 December 2006. Whole plant samples were collected from 
a randomly selected 1 m section of the row from the middle of each plot. These plants were 
washed under tap water to remove soil and other debris, cut at the base of the shoot with a 
sharp knife, and the roots and shoots weighed separately. Both roots and shoots were then 
dried at 70°C until a constant dry weight was attained; this was determined by removing the 
A B 
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samples from the oven every day and weighing them. From the final dry weights, total plant 
(roots + shoots) dry weight (kg/ha) was calculated. 
5.2.1.2.1.2 Disease assessment 
Foliage and root disease assessments of all plots in the experiment were conducted using the 
methods described in Appendix A.5. Foliage infection of 10 successive plants randomly 
selected within each plot was assessed every month from October (until the difference 
between treated and non-treated plants became statistically non-significant) by using a 1 to 10 
rating scale (see Appendix A.5.1.1). In January 2007, the 10 carrot plants previously used for 
foliage assessment were uprooted and the roots visually assessed for black rot infection, using 
a 0 to 4 rating scale (see Appendix A.5.2.1). The individual plant's disease ratings were 
averaged over the 10 plants to obtain the foliage and the root disease indices of each plot. 
5.2.1.2.2 Second Year Experiment (2007)  
The first year results indicated that steaming provided better control of  black root rot than 
flaming. The steaming trial was therefore repeated on a Mid-Canterbury farm (43°49’06.12”S 
171°57’07.69”E), using the same tractor speeds as in 2006, but this time applied at two earlier 
dates (1st week of June and 3rd week of July 2007) to better coincide with timing for weed 
control (Merfield, 2006). The same four treatments (three tractor speeds plus non-treated 
control) as in 2006 were replicated five times and arranged in a randomised block design 
using the same plot size (15 × 3 m). The female and male parent lines were MID A16 (♀) and 
MID C63 (♂) and at the time of the first treatment were naturally infected with A. radicina. 
As in the first year, the trial site later received the company’s commercial fungicide spray 
program. 
Observations of plant fresh biomass, dry weight and disease assessments were made as in 
2006. At seed maturity (April 2008) 10 primary umbels from each plot were hand harvested 
and processed using the method described in Appendix A.6. One hundred seeds from each 
plot were randomly selected and tested for A. radicina infection using the method described in 
Appendix A.7. 
5.2.1.2.3 Statistical Analysis 
Data for crop regrowth after thermal treatment in either year were not analysed as they were 
only visual observations. However, to show plant regrowth after treatment application, the 
data for mean plant growth as a percentage of the control plants were plotted against 
assessment dates.  
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In 2006, there was substantial data variation among the farms in both the flaming and 
steaming trials due to differences in parent lines which differed among the farms, differences 
in growing environments and relative proximity of the fields to other carrot seed crops. 
Accordingly, dry matter and black root rot disease data from each farm were separately 
analysed through one-way ANOVA. In 2007, the trial was conducted in a single field so the 
data were subjected to a two-way ANOVA to determine the effect of tractor speed and steam 
treatment application time. Foliar disease data from the flaming and steaming trial in 2006 at 
each farm, and in 2007 the data from the steaming trial at two different application timings, 
were separately analysed through one-way ANOVA. 
The data were normally distributed so raw data were analysed, except in 2006 when the foliar 
disease rating in October at Farm 1 in the flaming trial and at Farm 2 in the steaming trial 
were square root transformed for analysis. Back-transformed values are presented in the 
results. 
When an ANOVA effect was significant at P≤0.05, then the differences among treatment 
means were further explored by using Fisher’s protected LSD0.05. All the statistical 
computations were carried out using Genstat Edition 12 (Lawes Agricultural Trust, 
Rothamsted Experimental Station, Hertfordshire, UK). 
 
5.2.1.3 Results 
5.2.1.3.1 First Year Experiment (2006) 
The flaming treatment burnt the carrot foliage immediately (Figures 5.2A & 5.2B). Steaming 
initially darkened the foliage (Figure 5.2C), but after 24 h it had developed a similar burnt 
appearance. The treated carrot plants regrew, such that by 60 days after the thermal treatment, 
growth was similar for treated and control plants in both the flaming (Figure 5.3) and 
steaming treatments (Figure 5.4).  
By December, at all four farms for the flaming trial and at farms 1 and 2 for the steaming trial, 
there were no significant (P>0.05) differences in total carrot dry matter between treated and 
non-treated plots (Figure 5.5). Although not measured, no visual differences were observed in 
the time of flowering or in umbel density among treatments. 
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Figure 5.2 View of carrot plants just before (A) and immediately after flaming (B) and 
steaming (C) treatments. 
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Figure 5.3 Mean growth of carrot plants as a percentage of the non-flamed control plants 
(visual assessment) at different intervals after flaming in 2006. Each bar is a 
mean value of four replicate plots at four farms. 
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Figure 5.4 Mean growth of carrot plants as a percentage of the non-flamed control plants 
(visual assessment) at different intervals after steaming in 2006. Each bar is a 
mean value of two replicate plots at two farms. 
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Figure 5.5 Effect of flaming/steaming on total carrot dry matter at different farms in 
December 2006. Statistical analysis of flaming or steaming trial at each farm 
was done separately. There were no significant (P>0.05) differences recorded 
among treatments at any of the farms.  
 
In October, the flaming treatment applied at all three tractor speeds had significantly (P≤0.05) 
reduced foliar disease at all farms except Farm 3 (Figure 5.6). One month later, the flaming 
treatment applied at the two lower tractor speeds (1.7 and 2.3 km/h) at Farms 1 and 2 still had 
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a significantly (P≤0.05) lower foliar disease level as compared to the non-treated control 
(Figure 5.6); however, there was no significant (P>0.05) effect of flaming treatment at Farms 
3 and 4. By December, foliage disease levels of treated plants did not differ (P>0.05) from the 
non-treated control plants at all four farms (Figure 5.6). 
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Figure 5.6 Effect of flaming on Alternaria radicina foliar disease rating in carrot in 2006. 
Statistical analysis of data at each farm at each assessment time was done 
separately. Assessment times with a bar indicate Fisher’s protected LSD for a 
significant difference (P≤0.05), whereas the absence of a bar indicates no 
significant (P>0.05) difference. The data for 6 October at Farm 1 were square 
root transformed before analysis and the back-transformed values are presented 
in this figure.         
 
The steaming treatments had a significant (P≤0.05) effect on the foliar disease ratings at both 
farms in October and November (Figure 5.7). In these two months, the effects of the three 
tractor speeds did not differ (P>0.05), except at Farm 1 in November, when the lowest tractor 
speed (1.7 km/h) resulted in a significantly (P≤0.05) lower mean disease rating than that for 
the other tractor speeds. Similar to the flaming trial, by December there was no significant 
(P≤0.05) effect of steaming treatment since the mature leaves had  disease levels which were 
similar to those of the non-treated control plots (Figure 5.7).  
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Figure 5.7 Effect of steaming on Alternaria radicina foliar disease rating in carrot in 
2006. Statistical analysis of data at each farm at each monthly assessment time 
was done separately. Assessment times with a bar indicate Fisher’s protected 
LSD for a significant (P≤0.05) difference, whereas the absence of a bar 
indicates no significant (P>0.05) difference. The data for 6 October at Farm 2 
were square root transformed before analysis, and the retransformed values are 
presented in this figure.    
         
 
Flaming did not significantly reduce (P>0.05) black root rot disease rating at any of the farms, 
but steaming did so (P≤0.05) at all three tractor speeds at both farms (Figure 5.8). The 
steaming treatment applied at Farm 1 at the two lower speeds (1.7 and 2.3 km/h) significantly 
(P≤0.05) reduced black root rot disease compared to the highest tractor speed (2.7 km/h); 
while, at Farm 2 root rot levels for the three tractor speeds did not differ (P>0.05; Figure 5.8). 
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Figure 5.8 Effect of flaming and steaming on black root rot disease rating in carrot in 
January 2006. Statistical analysis of flaming or steaming trial at each farm was 
done separately. A bar indicates Fisher’s protected LSD for a significant 
(P≤0.05) effect, whereas no bar indicates no significant (P>0.05) differences.            
 
5.2.1.3.2 Second Year Experiment (2007) 
The carrot plants treated in the first week of June had recovered foliar growth to the same 
levels as the control plants after 80 days, while for the later application (3rd week of July) the 
plants had recovered 10 days earlier (Figure 5.9). Again there was no initial effect of steaming 
on plant growth.  
Carrot dry matter assessed in December was not significantly (P>0.05) affected by tractor 
speed or steaming treatment application timings and there was no significant (P>0.05) 
interaction between these two factors (Figure 5.10).  
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Figure 5.9 Carrot plant growth as a percentage of the control (visual assessment) at 
different intervals after steaming treatment applied in June and July 2007. 
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Figure 5.10 Effect of steaming applied in June and July on total carrot dry matter in 
December 2007. There were no significant (P>0.05) individual or interaction 
effects of treatments on carrot dry matter. 
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Foliage disease ratings were again initially reduced by the steaming treatments (P≤0.05; 
Figure 5.11). Carrot plants treated at all three tractor speeds in the 1st week of June had a 
significantly (P≤0.05) lower disease rating for the first three months after treatment, 
compared with only two months for the treatments applied in the 3rd week of July. However, 
by the 20 October, foliage disease rating did not differ (P>0.05) among treatments for both 
application times (Figure 5.11). 
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Figure 5.11 Effect of date of steaming on foliage disease rating in carrot in 2007. Statistical 
analysis of data for the two application times at each monthly assessment was 
done separately. A bar indicates Fisher’s protected LSD for a significant 
(P≤0.05) effect, whereas no bar indicates no significant (P>0.05) difference.            
 
 
There were significant individual effects of tractor speed (P=0.002), treatment application 
time (P=0.013) and their interaction (P=0.04) on black root rot disease ratings (Figure 5.12). 
Steaming at the two higher tractor speeds (2.3 and 2.9 km/h) in the 1st week of June 
significantly (P≤0.05) reduced black root rot disease compared to steaming at the lowest 
speed (1.7 km/h) which did not differ (P>0.05) from the non-treated control plots (Figure 
5.12). The steaming treatment applied earlier (1st week of June) had slightly less black root rot 
disease than the later application (3rd week of July) (Figure 5.12). At the end of the season, the 
harvested seed showed no significant (P>0.05) individual or interaction effect of tractor speed 
or steaming application timings on the presence of seed-borne A. radicina (Figure 5.13). 
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Figure 5.12 Effect of steaming on the mean black root rot disease rating in carrot in 2007. 
A bar indicates Fisher’s protected LSD for significant (P≤0.05) effect.       
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Figure 5.13 Effect of steaming treatment on carrot seed infection by Alternaria radicina. 
There were no significant (P>0.05) individual or interaction effects of 
treatments. 
 
5.2.1.4 Discussion 
Merfield (2006) demonstrated that once carrots had reached the six leaf stage (approx 8 cm in 
height), they were able to survive thermal treatment, because as rosette-forming plants, both 
the apical and axillary meristems are protected by the petioles that are often thickened. This 
Non-treated control Tractor speed 2.9 km/h
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Non-treated control Tractor speed 2.9 km/h
Tractor speed 2.3 km/h Tractor speed 1.7 km/h
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explains why in this study, carrot plants were able to regrow following the flaming or 
steaming treatments. Merfield (2006) also found that thermal treatment after the transition 
from vegetative to reproductive growth negatively impacted on the carrots by checking plant 
growth, reducing height, delaying the onset of flowering, and reducing seed yield. In the 
present trials, the flaming or steaming treatments were applied well before the transition to 
reproductive growth. Steam did not defoliate the plants immediately, but after 24 h they had a 
burnt appearance. Steam releases heat at low temperature but because of the moisture it 
initially prevents the plant from losing heat through evaporation (Sirvydas et al., 2002), thus 
the eventual killing of leaf tissue. However, flaming burnt the plant immediately as it released 
open flames at very high temperature.  
The present study confirmed that the thermal treatment of carrot plants by flaming or 
steaming while still in the vegetative stage in mid/late winter or early spring had no 
permanent effect on subsequent plant growth. By two or three months after treatment, there 
were no obvious visual differences between the treated plants and the control plants, and by 
December, dry matter of plants from treated plots did not differ from that of the control. It 
was observed that plants in the plots treated in the 1st week of June took a longer time to 
recover their growth as compared to the plots treated in the 3rd week of July. This was 
probably because plants remain in a dormant phase and make very little growth during winter 
(May-August). Plants which recovered from the later treatment were therefore closer to the 
end of the dormant period then those which received the earlier treatment. 
Merfield (2006) applied thermal treatments (flaming and steaming at 2 km/h) to pot grown 
two month old carrot plants inoculated with A. radicina, and reported the complete 
elimination of the pathogen. In the present study in both seasons, flaming and steaming 
significantly (P≤0.05) reduced A. radicina infection of foliage for a few months after 
treatment. The pathogen, which is a necrotrophic organism, generally prefers old and 
senescing plant tissue over young tissue. The thermal treatment destroyed the old infected 
plant tissues and the new growth which then emerged initially had a lower foliar disease 
rating. However, three to four months later, mean foliar infection ratings did not differ from 
those of the non-treated plants. This was probably to be expected, as the emerged tissues 
aged, and more significantly the thermally treated plants were surrounded by the rest of the 
commercial crops, from which inoculum of A. radicina would have spread. The spore 
trapping trial (see Section 4.5) showed that within a carrot field, the movement of A. radicina 
inoculum can already occur from four month old plants. 
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The reason why there was no effect of flaming on foliar disease at Farm 3 in 2006 cannot be 
readily explained. Disease pressure was slightly lower than that of the other three farms, and 
this may be related to cultivar susceptibility to the pathogen. While there appeared to be a 
reduction in foliar disease at the October assessment, the failure to achieve significance is 
likely to be a result of data variability among the replicates at this site which was greater than 
the data variability at the other sites.  
Flaming had no effect on black root rot, but steaming in both years did slightly but 
significantly (P≤0.05) reduce the severity of the disease. This is consistent with Ascard et al. 
(2007) who considered that steaming is more lethal to pathogens than flaming. Merfield 
(2006) noted that steam has a higher specific heat of condensation (2260 kJ °C-1) as compared 
to dry air (1.0 kJ °C-1) and water (4.18 kJ °C-1). This means that steam can transfer heat more 
effectively than hot air or hot water. There are some other advantages of steaming over 
flaming in that the steamer uses diesel to produce energy, which is more cost effective and 
readily available at the farm, as compared to LPG which is used in the flame burner. Steaming 
can also be done in windy conditions and is less of a fire hazard risk compared to flaming. 
However, one major disadvantage of steaming over flaming is that it uses a large quantity of 
water. Despite this, steaming seems to be a more practical and effective method than flaming, 
and could be considered for use in commercial carrot seed production. 
Black root rot control was not affected by tractor speed for the steaming treatment in the first 
year, but in the second year control was better for the two faster tractor speeds. The reason for 
this is unknown but it is possible that at 1.7 km/h, steaming caused an injury to the carrot 
plants that made them more susceptible to A. radicina infection. Timing of steaming was 
important, as the July application provided no control of the disease. However, even for the 
June application, while the reductions in black root rot were significant (P≤0.05), they were 
not large, and no treatment completely controlled the pathogen.  
Afek et al. (1999) reported that post-harvest steam treatment of carrot roots prior to storage 
resulted in significantly lower root decay caused by A. radicina. The authors suggested three 
possible ways in which the steam treatment works against the pathogen, 1: the heat could 
destroy the pathogen on the plant surface; 2: the steam pressure could blow away the 
pathogen; and 3: the treatment may induce production of antifungal compounds, which could 
increase disease resistance level of carrots against the pathogen. In the field, steaming 
presumably destroyed the pathogen in infected leaf tissue, but it may also have affected soil-
borne inoculum. This is yet to be determined. 
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The failure of the steaming treatment to provide long-term control of seed borne A. radicina 
infection was not unexpected. The experimental plots were in a small area of a commercial 
field where surrounding plants would have provided a ready source of wind-borne inoculum 
of the pathogen (see Section 4.5) which then spread to the trial plots.  
Carrot plants can be infected by A. radicina from at least three sources; soil, seed and wind-
borne conidia. By winter in Mid-Canterbury, carrot seed crops are already infected (J. 
Townshend, personal communication, 2006). The control of the pathogen at this time by 
steaming, followed by foliar fungicide application, should result in a reduction of seed 
infection. However, the effectiveness of steaming in winter will need to be assessed on a 
whole field basis, so that opportunities for re-infection by A. radicina are reduced. Future 
experiments should also assess the effect of steaming on umbel density and seed yield. Also, 
the cost effectiveness of the steaming should be determined which will help the grower make 
decisions about adapting the method into the current system. 
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5.3 Cultural control 
5.3.1 Introduction 
Cultural methods are an important integrated pest management tool to control soil-borne fungi 
(Katan, 2000). For control of soil-borne A. radicina, the use of resistant cultivars, surface 
irrigation and a long crop rotation have been proposed (see Section 2.3.9.2). However, these 
aspects have not been previously studied with respect to Mid-Canterbury conditions.  
The use of resistant parent lines may be an important tool to control A. radicina in an infested 
environment. Unfortunately, there is limited information available about the resistance of the 
different parent lines being used in Mid-Canterbury for hybrid seed production. The parent 
lines are supplied by overseas clients to the local seed companies who produce the F1 hybrids. 
Any information on the susceptibility of parent lines is kept “in-house” for intellectual 
property protection reasons. Even if they did share this information, how much use it would 
be in the Mid-Canterbury growing environment would still be unknown because resistance 
can change with time and differing disease pressure (Kiyosawa, 1982). Other causes for the 
breakdown of cultivar resistance include, 1: mutation in the pathogen increasing virulence; 2: 
sexual or asexual recombination of the pathogen; 3: area of crop grown and genetic 
uniformity of cultivars; and lowering of field resistance (Kiyosawa, 1982). However, an 
investigation into the present resistance level of different parent lines being used by Midlands 
Seed Ltd in Mid-Canterbury was considered valuable as it could demonstrate whether there 
were any possibilities for control of A. radicina via this method. 
For some pathogens, irrigation can have a larger effect on disease epidemiology than any 
other cultural practices (Cook & Baker, 1983); proper management with respect to application 
method, timing, frequency, and amount of irrigation can help to reduce foliar and root 
diseases levels (Rotem & Palti, 1969; Palti, 1981). In Mid-Canterbury, irrigation is commonly 
applied only in summer via an overhead sprinkler method for carrot seed production, as 
moisture requirements in the other seasons of the year are usually met by rainfall. Since the 
disease levels commonly increase rapidly during summer, it seems likely that irrigation may 
directly encourage increased disease levels in carrot fields (J. Townshend, personal 
communication, 2007). Merfield (2006) conducted a small trial experiment and found that 
plants watered via overhead irrigation had more Alternaria and/or Cercospora foliar lesions 
than those which received drip irrigation. However, this effect of irrigation method on A. 
radicina disease levels has not been fully investigated in commercial carrot seed fields. 
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Crop rotation is helpful to improve soil fertility and also to reduce soil-borne diseases (Cook, 
2007). For disease control, the period of crop rotation required depends on the biology of the 
pathogen (Sullivan, 2004). A minimum of eight years between carrot crops has been reported 
to be needed to eliminate soil-borne A. radicina in the USA (Farrar et al., 2004). Previous 
reports suggested that using wheat (Pryor et al., 1998; Coles & Walker, 2001), barley, bean or 
lucerne (Farrar et al., 2004) in the rotation after the carrot crop reduced the soil population 
density of A. radicina. However, all these studies are either in short reports, or the authors 
cited their unpublished data. A complete investigation has never been published. Therefore, 
there was a need to investigate this aspect in the Mid-Canterbury environment to test the 
effect of crops likely to be grown after carrot, on survival of soil-borne A. radicina.  
Three cultural control methods were therefore investigated to determine: 
1. Differences in susceptibility of male and female carrot parent lines to A. radicina.  
2. Effects of irrigation method on foliar and root disease level and carrot seed yield and 
quality.  
3. Crop rotation to reduce the survival of A. radicina in soil. 
5.3.2 Materials and Methods 
5.3.2.1 Differences in susceptibility of male and female parent lines to the 
pathogen 
The screening was conducted at the Mid-Canterbury based research sites of Midlands Seed 
Ltd using 16 female and 24 male parent lines grown for the purpose of assessing their 
agronomic characteristics. Seeds of the different parent lines were sown separately in a single 
20 m row, and the two successive rows with different parent lines were 100 cm apart. Because 
the parent line evaluations were not replicated, the entire experiment was repeated for three 
successive years during 2006-08. Every year the site location differed: in 2006 at 43° 56’ 
19.53” 171° 43’ 57.05”, in 2007 at 43° 52’ 03.77” 171° 46’ 24.94” and in 2008 at 43° 56’ 
18.06” 171° 44’ 07.15”. These three years were considered as replications in time.  
5.3.2.1.1 Disease assessment 
In each year 10 successive carrot plants from the middle of the row of each parent line were 
randomly selected (Appendix A.5.1) and used for foliar and root disease assessment 
(Appendix A.5). The foliar disease assessment was done at three different times after sowing, 
viz. 7 months (September), 9 months (November) and 11 months (January). Although foliage 
disease symptoms are usually first seen in winter, in this study the foliage disease assessment 
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was started in September because the field sites selected were very wet in winter and the 
plants were almost dormant, and so showed few symptoms of infection. Black root rot disease 
assessment was conducted only once, after finishing the last foliar assessment i.e. in January. 
The individual disease rating of the10 plants was averaged to obtain the foliage and the root 
disease indices of each parent line. Since the foliage disease levels of parent lines varied over 
the assessment time, the area under the disease progress curve (AUDPC) over the period of 
assessment was calculated according to the formula given by Shaner and Finney (1977). The 
percentage relative AUDPC (RAUDPC) was calculated by dividing the AUDPC of each 
parent line with the total area of the disease scale if 100% disease occurred throughout the 
assessment period and multiplying by 100 (Campbell & Madden, 1990). 
5.3.2.2 Effects of irrigation method on foliar and root disease level, seed yield 
and quality 
The trial was set up with assistance from Midlands Seed Ltd at a Mid-Canterbury farm which 
had a silt loam soil (43°51’57.28”S 171°50’37.41”E) to investigate the effects of irrigation 
method (overhead vs. drip) in the 2007/08 season. The female and male parent lines growing 
at this farm were MID A5 (♀) and MID C63 (♂), and were naturally infested with A. 
radicina. The trial layout is shown in Figure 5.14. The experiment was set up in an 8 ha carrot 
field which was divided so that: the middle 4 ha of the field was irrigated via a buried drip (T-
Tape) system (Figure 5.15), and the remaining 4 ha (2 ha on each side of the drip block) was 
irrigated via a conventional overhead system (Figure 5.16). Each strip had six rows of female 
carrot plants and in the two buffer strips, three rows of male carrot plants were grown. For 
disease assessment, twelve plots (3 × 10 m2) were randomly selected from the female rows for 
each irrigation method, and demarcated as plots using wooden pegs. 
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Figure 5.14 Set up of irrigation experiment in field showing irrigation treatments and 
layout of plots; orange= overhead irrigation plots, dark green= drip irrigation 
plots, light green=buffer plots. 
 
 
  
Figure 5.15 View of (A) drip irrigation system being laid out and (B) carrot plants irrigated 
with drip lines. 
 
A B 
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Figure 5.16 View of Roto-Rainer used for overhead irrigation in the experiment. 
 
In November 2007, the drip lines (Netafim DripNet PCTM AS 16250) were dug 3-4 cm below 
the soil surface between every 2nd row of carrot plants. HydroServices Ltd assisted in this trial 
by weekly monitoring soil moisture using neutron probe tubes (Figure 5.17) and scheduling 
the irrigation required. The soil moisture level was measured every 10 cm from the soil 
surface down to 80 cm. The irrigation in the trial started on the 16 December 2007 and ended 
on 6 March 2008. Overhead irrigation (Figure 5.16) was applied only when 70% of available 
water in the top 40 cm of soil was depleted. However, the drip irrigation operated for 1 h 
every day to apply 0.6 L water from each nozzle (two successive nozzles were 25 cm apart). 
During the trial the total rainfall received at the field was 139.5 mm. 
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Figure 5.17 View of neutron probe tube installed in the trial to monitor soil moisture. 
 
Irrigation treatments could not be replicated with these application methods, but within each 4 
ha block twelve 3 × 10 m2 plots were selected at random from the female carrot rows (Figure 
5.14). In each plot, 10 successive plants were randomly selected and used for foliar and root 
disease assessment (see Appendix A.5). Foliar disease was assessed three times, viz. 4 
January, 18 February and 14 March 2008, using the 1 to 10 disease rating scale (see Appendix 
A.5.1.1). Ten plants were randomly selected from the plots and assessed on 18 February for 
black root rot disease symptoms using a 0 to 4 rating (see Appendix A.5.2.1).  
At seed maturity (27 March 2008) 10 randomly selected primary umbels from each plot were 
hand harvested and processed using the method described in Appendix A.6. One hundred 
seeds from each plot were randomly selected and tested for A. radicina infection and seed 
germination using the method described in Appendices A.7 and A.8, respectively.  
To determine the effect of irrigation method on seed yield, the carrot seeds produced in 4 of 
the 12 beds (area of each bed equals to 2184 m2; Figure 5.14) in each irrigation block were 
separately harvested using a conventional combine harvester. The harvested seed was 
weighed and the yield for each bed was expressed on a per hectare basis. 
5.3.2.3 Crop rotation required to reduce inoculum carry-over in soil 
This work was conducted in two stages: a field survey in Mid-Canterbury which was followed 
by a glasshouse experiment. 
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5.3.2.3.1 Field survey (2006) 
A survey was conducted to determine the effect of different crop rotations on the survival of 
A. radicina in carrot crop fields in Mid-Canterbury. Twelve farms were chosen because they 
had previously grown carrot seed crops which had been affected by A. radicina and the 
subsequent cropping history following the carrot seed crop was mostly known. For Farm 1, 
the carrot crop had been harvested in 1995 and each subsequent farm had a carrot crop 
harvested in the succeeding years, so that for Farm 12, the carrot crop had been harvested in 
2006 (Table 5.1). For each field, a carrot seed crop had not been grown again (Table 5.1). 
The soil population density of A. radicina was determined from each field. Four small plots 
(20 × 20 m) were randomly selected across each field and considered as four replicates. From 
each plot, soil was randomly sampled from twenty different places in a zigzag traverse to a 
depth of 5 cm using a soil sampler (2.5 cm diameter) in September 2006. The collected soil 
sample from each replicate plot was kept separately in a paper bag. The soil samples were 
processed and CFUs of A. radicina/g soil determined using the soil dilution method as 
described in Appendix A.1. The CFUs/g soil of the four replicate plots was averaged to obtain 
the soil population density of the field.
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Table 5.1  Field crop rotation after a carrot seed crop for each of twelve Mid-Canterbury farms. 
Years of 
carrot harvest  
Farms 
 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6  Farm 7 Farm 8 Farm 9 Farm 10 Farm 11 Farm 12 
1995 Carrot             
1996 * Carrot           
1997 * * Carrot          
1998 
* * 
Process 
pea 
Carrot         
1999 Wheat  Process pea Wheat Maize Carrot        
2000 Radish  Grass seed Turnip/ 
Dry pea 
Turnip/ Maize Fallow/ 
Maize 
Carrot       
2001 Wheat/ 
Turnip  
Pasture Barley Process pea Fallow/ 
Maize 
Fallow/  
Maize 
Carrot      
2002 Process 
pea 
Maize Grass seed Grass seed Wheat Oats/  
Barley 
Oats/ Maize Carrot     
2003 Triticale  Oat/maize Pasture Pasture Cabbage/ 
Radish 
Grass seed Oats/  Maize Pasture Carrot    
2004 Grass seed Oats/ 
Process pea 
Maize Maize Pea Pasture Wheat/ Oats Pasture Oats/ 
Maize 
Carrot   
2005 Pasture Radish Process 
pea 
Broad bean/ 
Broccoli 
Grass seed Pasture Process pea Process 
pea 
Oats/ 
Maize 
Oats/ Maize Carrot  
2006 Process 
pea 
Wheat Grass seed Wheat Pasture Chinese 
cabbage 
Grass seed Red beet Broccoli/ 
Squash 
Wheat/ Oats Oats/ 
Squash 
Carrot 
*Crop information not available.
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5.3.2.3.2 Glasshouse experiment 
Following the field survey, a glasshouse trial was set up in 2008 at Lincoln University 
(43°38’42.78” N 172°27’43.24” E). The trial had a total of six treatments: five different crops 
plus a control (no crop). The crops, viz. barley (Hordeum vulgare), wheat (Triticum aestivum), 
pea (Pisum sativum), faba bean (Vicia faba) and perennial rye grass (Lolium perenne), were 
selected based on the published literature and their suitability to follow carrot in a farm 
rotation in Mid-Canterbury (R. Wilson, personal communication, 2007). The seeds were 
supplied by Midlands Seed Ltd. 
A silt loam soil was collected from a Mid-Canterbury field where carrot had never been 
grown and processed as described in Appendix A.2. Six lots of the soil required to fill 10 × 4 
L pots (42 kg) were each weighed out and each spread evenly onto one of six plastic sheets 
which had been placed on the ground. Mixed inoculum of three isolates of A. radicina was 
prepared using the method described in Appendix A.3 and the six lots of soil were inoculated 
with 250 CFUs/g soil using the method described in Appendix A.4. Each inoculated soil lot 
was well mixed using a shovel and placed into the 10 pots. The inoculated pots were left 
undisturbed for 15 days in a glasshouse where the temperature ranged between 17 and 30°C 
between 16 and 30 March 2008, to allow the inoculum to establish in the soil.  
Each of the five crop species was sown (31 March 2008) separately into10 pots, and the 
remaining 10 pots were kept fallow and used as the control. Individual seeds were sown into 
equidistant holes, four per pot, made to a depth of 5 cm by using a glass rod, and covered with 
adjacent soil. Immediately after sowing, pots were overhead irrigated using a hand operated 
spray gun. The plants were grown for 4 months in the greenhouse (Figure 5.18) where the 
temperature ranged between 10°C and 25°C. Further irrigation was given at 7 day intervals, or 
earlier if the soil in the pots looked completely dried. Weeds were hand removed as required. 
Four months after sowing (31 July 2008) the plants were cut off at soil level using a knife. 
To determine the treatment effect on A. radicina soil population density, soil was sampled 
using a soil sampler (2.5 cm diameter) to a depth of 5 cm from the soil surface from three 
random spots in each pot. The soil collected from each pot was kept separately in a paper bag 
and processed to determine CFUs of A. radicina/g soil using the soil dilution method as 
described in Appendix A.1.  
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Figure 5.18 View of glasshouse crop rotation experiment: A=fallow pots (control), B= 
Hordeum vulgare, C= Triticum aestivum, D=Lolium perenne, E=Vicia faba, 
F=Pisum sativum. 
 
5.3.2.4 Statistical analysis 
For experiment 5.3.2.1 on parent line susceptibility, data for foliar RAUDPC and root disease 
were normally distributed so non-transformed data were through one-way ANOVA, and a 
coefficient of determination was calculated to determine the mean relationship between foliar 
and root disease levels. For experiment 5.3.2.2, the irrigation trial data were normally 
distributed so non-transformed data of foliar RAUDPC, root disease ratings, as well as carrot 
seed yield and seed quality were analysed through an unpaired t-test. For experiment 5.3.2.3, 
in the field survey the A. radicina soil population density of fields on farms which had 
harvested a carrot crop in different years is presented with the standard error of the mean. The 
glasshouse trial data were normally distributed so non-transformed data of the effect of the 
crops on soil population density of A. radicina were analysed using one-way ANOVA.  
When the ANOVA effect was significant at P≤0.05, then only the effects of treatment means 
were further explored by using Fisher’s protected LSD0.05. All the statistical computation was 
carried out using Genstat Edition 12 (Lawes Agricultural Trust, Rothamsted Experimental 
Station, Hertfordshire, UK). 
 
      A                   B                     C                   D                      E                    F 
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5.3.3 Results 
5.3.3.1 Differences in susceptibility of male and female parent lines to the 
pathogen 
There were significant (P<0.001) parent lines differences in both foliage and root infection 
ratings (Figures 5.19 & 5.20), with some lines being more (P≤0.05) resistant than others.  
For foliage infection, MID A6 had the lowest RAUDPC, but this did not differ significantly 
(P>0.05) from the disease levels of MID A1, A2, A3, A10, A7, A8, C51, C54, C55, C57, 
C62, C66, C70, C71, C72, C73 or C74. MID C65 had the highest RAUDPC, but this did not 
differ significantly (P>0.05) from the disease levels of MID A4, A5, A12, A14, A16, C53, 
C56, C59, C60, C61, C63, C67 or C69 (Figure 5.19). 
For root infection, MID C54 had the lowest average root disease rating, but this did not differ 
significantly (P>0.05) from the ratings of MID A1, A2, A10, A6, A8, A9, A12, C55, C67, 
C72, C69, C73, C57, C64 and C68. The parent line with the greatest root rot rating was MID 
A3 but its average disease rating did not differ significantly (P>0.05) from the ratings of A15 
and C65 (Figure 5.20). 
There was a significant (P=0.02) but weak linear relationship (R2=0.13) between foliage and 
root infection ratings (Figure 5.21), as some parent lines, viz. MID A1, A2, A10, A6, A8, 
C54, C55, C57, C72 and C73, had lower foliage and root disease ratings (Figures 5.19 & 
5.20). 
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Figure 5.19 Mean percentage of relative area under disease progress curve (RAUDPC) for foliage symptoms caused by Alternaria radicina for 
different male and female carrot parent lines during 2006-09. MID A denotes female and MID C denotes male parent lines. The bar 
indicates the Fisher’s protected LSD value for a significant effect (P≤0.05). 
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Figure 5.20 Mean black root rot disease symptoms caused by Alternaria radicina on different male and female carrot parent lines during 2006-09. 
MID A indicates female and MID C indicates male parent lines. The bar indicates the Fisher’s protected LSD value for a significant 
effect (P≤0.05).
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Figure 5.21 Relationship between percentage of relative area under disease progress curve 
(RAUDPC) for foliar disease and root infection ratings caused by Alternaria 
radicina for 40 carrot parent lines.  
 
5.3.3.2 Effects of irrigation method on foliar and root disease level, seed yield 
and quality 
Irrigation method had a significant (P≤0.05) effect on foliar disease ratings, root disease 
ratings and seed-borne A. radicina. The carrot plants from drip irrigated blocks had a 
significantly (P≤0.05) lower RAUDPC for foliage (Figures 5.22 & 5.23) and slightly 
(P≤0.05) less black root rot (Figure 5.24) than the plants from the overhead irrigation block.  
  
Figure 5.22 Lateral views of carrot plants which received (A) drip and (B) overhead 
irrigation. 
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Figure 5.23 Effect of irrigation method on percentage of relative area under disease 
progress curve (RAUDPC) for foliar blight of carrot. The bar indicates Fisher’s 
protected LSD for significant (P≤0.05) effect. 
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Figure 5.24 Effect of irrigation method on black root rot on carrot roots. The bar indicates 
Fisher’s protected LSD for significant (P≤0.05) effect. 
 
The mean seed yield from the drip irrigated block was not significantly (P=0.33) different 
from that of the overhead irrigated block (Figure 5.25). However, a visual observation of the 
field showed that the plants which were drip irrigated appeared to be taller and had more 
lower order umbels than overhead irrigated plants (Figure 5.26). 
 143 
0
500
1000
1500
2000
2500
3000
3500
Overhead irrigated Drip irrigated
S
ee
d 
yi
el
d 
(k
g/
ha
)
 
Figure 5.25 Average seed yield from the drip and overhead irrigated blocks. There was no 
significant (P>0.05) difference according to Fisher protected LSD. 
 
 
  
Figure 5.26 Carrot plants irrigated with (A) drip and (B) overhead irrigation. 
 
Seeds harvested from the drip irrigated block had a significantly (P≤0.05) lower incidence of 
A. radicina and higher germination (P≤0.05), mostly because there were significantly 
(P≤0.05) fewer abnormal seedlings and dead seeds than the seeds from the overhead irrigated 
blocks (Figure 5.27).  
A B 
A B 
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Figure 5.27 Effect of irrigation method on seed-borne Alternaria radicina and seed 
germination. A statistical analysis of each parameter was done separately. A 
bar indicates Fisher’s protected LSD for significant (P≤0.05) effect. 
 
5.3.3.3 Crop rotation required to reduce inoculum carry-over in soil 
5.3.3.3.1 Field survey (2006) 
Alternaria radicina was not detected in soils in fields from which a carrot seed crop had been 
harvested between 1995 and 2000. However, A. radicina was present in soils in fields for 
which crops had been harvested from 2001 to 2006, with their A. radicina population density 
varying among farms (Figure 5.28). The highest population density (133 CFUs/g soil) was 
detected in a field where a carrot seed crop had been harvested in 2006 (Figure 5.28).  
 145 
0
25
50
75
100
125
150
175
Farm 1
1995
Farm 2
1996
Farm 3
1997
Farm 4
1998
Farm 5
1999
Farm 6
2000
Farm 7
2001
Farm 8
2002
Farm 9
2003
Farm 10
2004
Farm 11
2005
Farm 12
2006
S
oi
l p
op
ul
at
io
n 
de
ns
ity
 (
C
F
U
s/
g 
so
il)
Farm and year in which carrot seed had been harvested
 
Figure 5.28 Soil population density of Alternaria radicina in fields from Mid-Canterbury 
farms where carrot seed crops had been harvested in different years. The bars 
indicate standard errors of the means. 
 
5.3.3.3.2 Glasshouse experiment:  
There was a significant (P=0.004) effect of treatments on A. radicina soil population density. 
The presence of Triticum aestivum, Vicia faba and Hordeum vulgare all reduced (P≤0.05) A. 
radicina soil population density as compared to the control (fallow pots), but the soil 
population density in pots containing Lolium perenne or Pisum sativum did not differ 
(P>0.05) from that of the fallow pots (Figure 5.29). 
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Figure 5.29 The effect of different crops on the soil population density of Alternaria 
radicina. The bar indicates the Fisher’s protected LSD value for a significant 
effect (P≤0.05). 
 
5.3.4 Discussion 
5.3.4.1 Differences in susceptibility of male and female parent lines to the 
pathogen 
This study has shown that while none of the parent lines was completely resistant to A. 
radicina, some parent lines were more resistant than others. This indicates that choice of 
parent line could influence disease severity. However, it is unlikely that parent line 
susceptibility would be considered as a factor for disease control, because the genetic 
contribution of both parents to the F1 hybrid generally over-rules this consideration. The 
overseas company’s susceptibility ratings for these parent lines remained confidential, and 
thus it was not possible to compare the New Zealand results with those held by the overseas 
company. However, some authors (Janyska, 1971; Vlasova & Fedorenko, 1986; 
Stein & Nothnagel, 1995; Pryor et al., 2000; Karkleliene, 2005) have reported that carrot 
cultivars differ in their susceptibility to A. radicina. For any disease epidemic to occur, three 
factors, viz. susceptibility of host plant, virulence of the pathogen and conduciveness of the 
environment, must coincide and their interactions determine the level of disease (Agrios, 
2005).  
Although some of the male and female parent lines had less severe symptoms of foliage and 
root infection, there was only a weak linear relationship overall between foliar and root 
disease ratings. This was consistent with a report by Soteros (1979b) who had previously 
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observed carrot plants which had no black root rot infection even though the petioles were 
severely infected. Pryor et al. (2000) also found that a cultivar, which had resistance to root 
rot infection caused by A. radicina, was susceptible to leaf blight caused by A. dauci. They 
thought this was due to different mechanisms of resistance to A. radicina and A. dauci, but 
did not specify them. In Mid-Canterbury, disease in the carrot foliage depends significantly 
on the amount of wind-borne inoculum entering or moving within the crop and conducive 
environmental conditions (see section 4.5), while root black root rot depends mainly on the 
amount of soil-borne inoculum (see Section 4.2). Therefore, in this situation, infection above 
ground is unlikely to be strongly related to the severity of disease in the roots. However, there 
may be situations in other countries where soil-borne inoculum is the major source of 
subsequent foliar infection. 
In the present study the susceptibility of parent lines was not evaluated in a replicated trial 
design; this will need to be done before any definite conclusions can be drawn about parent 
line susceptibility to the pathogen.  
5.3.4.2 Effects of irrigation method on foliar and root disease level, seed yield 
and quality 
The present study showed that carrot plants irrigated with drip irrigation had significantly 
(P≤0.05) less foliar infection than those which were overhead irrigated. The lower disease 
level in the drip irrigated plots allowed a small but significant decrease in incidence of A. 
radicina infected seeds and therefore a small but significant improvement in germination of 
the harvested seeds. A similar effect of drip irrigation on foliar infection was observed by 
Merfield (2006) in a small plot trial in New Zealand. Weber et al. (2002) and Crowe (2005) 
who studied the effects of irrigation method in carrot seed crops in Central Oregon (USA), 
also found that drip irrigation reduced foliar disease level caused by Xanthomonas campestris 
and increased seed yield as compared to overhead irrigation. Drip irrigation does not wet 
carrot foliage, and thus provides a less conducive environment for foliar pathogens to spread 
within the crop (Nunez et al., 2009). The role of leaf wetness on fungal disease has been 
reviewed by Huber and Gillespie (1992) who noted that free water or high relative humidity 
helps in spore production, spore germination and disease infection. Overhead irrigation also 
increases guttation, and therefore the availability of host exudates that can stimulate 
pathogens to cause disease (Duvdevani et al., 1946). Overhead irrigation may also help in 
spreading the pathogen to adjacent plants from infected plants or to soil through splashing 
(Gregory et al., 1959). The irrigated plots were situated within the commercial crop and 
therefore received the commercial fungicide spray program, which could have meant that the 
fungicide was washed from the foliage by the overhead irrigation, thus allowing the pathogen 
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to build-up. However, the timing of fungicide application and overhead irrigation in the 
commercial crop was such that this did not occur (J. Townshend, personal communication, 
2009).  
Water availability to the carrot plants was greater with drip irrigation because it delivered 
water to the crop every day, while the overhead irrigation was only applied when 70% of the 
water in the top 40 cm of soil was depleted. From visual observation plants which were drip 
irrigated appeared to be taller and produced more secondary and tertiary umbels than those 
overhead irrigated. However, this did not have a significant (P>0.05) effect on seed yield. 
There was slightly less total water use in the overhead block (184 mm) as compared to the 
drip block (205 mm). However, this may be because just after the 2nd overhead irrigation it 
rained, so that this double application of water may have resulted in more water loss through 
runoff/drainage than in the drip irrigation plots. The fild was a silt loam soil, and drainage is 
high in silt loam soils (Hardeman et al., 1999).  
The soil moisture monitoring showed that water stress (below 87 mm) occurred for 6 days in 
the overhead irrigation block towards the end of flowering and during seed filling, which is a 
time of high water demand by carrot plants. The water stress in the overhead irrigation block 
occurred 2-3 weeks before the root disease assessment occurred, and this stress may have 
contributed to the greater incidence of root disease observed for this treatment. Mayberry 
(2000) reported that if carrot fields are too dry and are then irrigated, this can result in root 
splitting. Split roots would provide an easy entry for A. radicina to cause infection. On the 
other hand, in the drip irrigation plot the soil moisture level was optimally maintained and this 
may have been less conducive to black root rot disease.  
Drip irrigation has other advantages over overhead irrigation including higher water use 
efficiency, higher yields (Weber et al., 2004; Imtiyaz et al., 2007), and minimised 
fertilizer/pesticides loss when applied through irrigation. The main drawback is the high 
initial cost and clogging of the drippers (Imtiyaz et al., 2007). It is unlikely that drip irrigation 
would be practical for all carrot seed production in Mid-Canterbury, as most growers already 
own overhead irrigation equipment. It would be advisable therefore to irrigate early in the 
morning to allow the wet foliage to dry before A. radicina conidia are actively released and 
dispersed during the middle of the day. As the present work did not include replication of the 
irrigation treatments, further work will be required to validate these results in Canterbury 
carrot seed crops. 
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5.3.4.3 Crop rotation required to reduce inoculum carry-over in soil 
The field survey suggested that growing crops other than carrot for six or more years after the 
carrot seed crop was needed to eliminate/minimise A. radicina infestation in the soil. This 
result corroborates recommendations of eight years of crop rotation after a carrot crop (Maude 
& Shuring, 1972; Maude & Bambridge, 1991, both cited in Farrar et al., 2004). At Farms 1 to 
6, where no A. radicina was found in the soil samples, the farmers grew wheat and/or barley 
crops in the field at some stage after the carrot crop and this might have helped to reduce the 
amount of soil-borne inoculum. In the glasshouse trial, both wheat and barley had reduced A. 
radicina soil-borne inoculum four months after sowing and the inoculum survival experiment 
(see Section 4.3) showed that the recovery of the pathogen decreased over time. At Farm 10, 
where the carrot was harvested in 2004, the A. radicina soil inoculum density was lower than 
that at Farm 8 and 9 where the carrot seed crops had been harvested earlier, in 2002 and 2003, 
respectively. This could have been due to the effect of the wheat crop which followed in the 
rotation after the carrot crop at Farm 10 but not at Farm 8 and 9, where oats and sweet corn 
were grown after the carrot. It may also have been due to different disease levels at these 
farms.  
The glasshouse trial confirmed previous research that some crops, such as, wheat, faba bean 
and barley, can significantly (P≤0.05) reduce soil borne inoculum of A. radicina. Pryor et al. 
(1998) cited their unpublished work in which they found that the A. radicina soil inoculum 
level in each of five fields after a carrot crop in 1993 was reduced in 1994 and 1995 following 
wheat crops, by an average of 37% and 79%, respectively. In another study in South 
Australia, Coles and Walker (2001) found a similar effect of a succeeding wheat crop on soil-
borne A. radicina (see Section 2.3.9.2). Farrar et al. (2004) recommended sowing of wheat, 
bean, barley or lucerne after carrot crops to minimise the soil-borne inoculum of A. radicina. 
Crop rotation was believed to kill the pathogen by starving it out, as it can only feed/survive 
on specific host plants (Garrett, 1956). However, Curl (1963) suggested that there is no single 
factor in crop rotation which is responsible for the reduction of soil-borne diseases, and that it 
is a combination of physical, chemical and biotic processes.  
The specific root exudates which are released by a plant species determine the population of 
rhizosphere microorganisms (Rovira, 1969). Root exudates affect soil-borne fungal pathogens 
in two ways: they may be antifungal substances which directly kill/inhibit the pathogens (Park 
et al, 2004), or they stimulate the growth of some antagonist in the rhizosphere which 
compete with the pathogens (Lochhead, 1940). Although the antagonistic effects of root 
exudates against A. radicina has never been reported, there are some reports which suggest 
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that the crops used in the present trial do produce an antifungal root exudate. Park et al. 
(2004) reported that an ethanol extract of the maize root contains antimicrobial compounds 
i.e. 6-methoxybenzoxazolinone and 6,7-dimethoxybenzoxazolinone which inhibit growth of 
Fusarium oxysporum. The same chemicals have also been reported from the root exudates of 
wheat but not from barley (Tang et al., 1975). A report by the United States Department of 
Agriculture (USDA) (Anonymous, 2005b) demonstrated that wheat encouraged the growth of 
fluorescent Pseudomonas spp. which produced an antifungal compound (2,4-
diacetylphloroglucinol) that might help to control soil-borne pathogens. Barley roots 
produced antimicrobial exudates against F. oxysporum only in the presence of arbuscular 
mycorrhizae (Glomus mosseae) (Steinkellner et al., 2008). The effect of broad bean on A. 
radicina in the present trial might be explained by the observations of Fawcett et al. (1969) 
who reported that broad bean root exudates contain a wyerone substance which is toxic to 
many fungi including A. brassicicola. However, pea root exudates can also contain fungitoxic 
compounds such as pisatin and many isoflavanoids (Burden et al., 1974), but pea did not 
reduce soil-borne inoculum of A. radicina in the present trial. It is therefore likely that that 
these metabolites do not have any effect on A. radicina. No antifungal activity of perennial 
rye grass root exudates has been reported. Overall, these reports suggest that the reduction in 
soil-borne A. radicina in the present trial was due to the presence of antifungal compounds in 
the root exudates of wheat, barley and faba bean. 
Whether wheat, barley and faba bean reduced soil-borne A. radicina population because of 
root exudate activity needs to be confirmed. If confirmed, the active ingredient(s) need(s) to 
be determined to allow further studies into ways to maximise their effects. Root exudates may 
differ depending on the cultivar, type of fertilizer and pesticide use (Rovira, 1969). In the 
present glasshouse study the plants were not treated with any chemicals and only one cultivar 
of each species was grown. A future investigation should seek to determine the mechanism 
involved in the control of this pathogen via crop rotation. Future work should also include a 
long term trial using different combinations of cropping sequences to validate the present 
glasshouse and field survey results. 
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5.4 Chemical and biological control 
5.4.1 Introduction 
In Mid-Canterbury, for conventional carrot seed production, local seed companies have their 
own commercial fungicide spray programmes which they use to control Alternaria radicina 
infection. Since 2003, the company spray programmes appear to have become less effective 
for control of A. radicina foliage and root infection during vegetative growth (J. Townshend, 
personal communication, 2006). There is a lack of published New Zealand information about 
A. radicina control, with only two fungicides, Score® (difenoconazole) and Cannon® 
(chlorothalonil + difenoconazole), being registered for use on carrot to control Alternaria spp. 
It is possible that these fungicides have lost their ability to control the pathogen, because of 
resistance in the local Alternaria populations, as has been reported from Australia (Coles et 
al., 2001).  
Other fungicides have also been reported overseas to have the potential to control the 
pathogen (see Section 2.3.9.3). Therefore, in vitro screening of fungicides was carried out to 
determine their efficacy against New Zealand isolates of the pathogen. Since the in vitro 
results do not always reflect the efficacy of a fungicide in the field, field trials were also 
conducted in autumn and early winter to assess the ability of these products to control foliage 
and root infection (see Section 5.2.1). Delaying or breaking the A. radicina disease cycle 
before the end of winter would substantially reduce subsequent disease development.  
Although most Mid-Canterbury carrot seed growers use a long crop rotation, not all find this a 
feasible option. Under such circumstances, and when cultural practices have failed, the use of 
soil applied fungicides to control soil-borne inoculum may be an option (Domsch, 1964). 
Coles and Wicks (2002) reported that post-emergence fungicide soil drenching provided some 
control of soil-borne Alternaria diseases (see Section 2.3.9.3.2). However, for soil-borne 
diseases Wilhelm (1966) concluded that no control method is as effective or economical as 
soil fumigation. A Pest Management Strategic Plan for carrot was prepared by the CFCAB 
and the CMCC noted that pre-plant fumigation is an effective method to control a wide range 
of soil-borne pathogens and nematodes in carrot (Anonymous, 2005a). There are also a few 
overseas reports which suggested that fumigants have the potential to control A. radicina (see 
Section 2.3.9.3.4). These fumigants are commercially available in New Zealand, but have 
never been tested in a carrot seed crop. 
Fungicides and fumigants cannot be applied in organic seed production where biological 
control needs to be considered as a possible method of disease control. In New Zealand two 
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commercially available biological control agents, Trichoderma atroviride (Tenet®) and T. 
harzianum (Unite®) are known for their antagonistic effects against many soil-borne 
pathogens (see Table 2.3), but their activity against soil-borne A. radicina in carrot seed crops 
was not known at the time this study was initiated. 
The aim of this study was therefore to investigate the potential of commercially available 
chemical and biological control products for control of A. radicina. This study is reported in 
three sections: 
• Effect of fungicides against A. radicina in vitro.  
• Effect of an autumn spray of fungicides on foliar and root disease caused by A. 
radicina in the field. 
• Effect of pre- or post- sowing incorporation of chemical and biological control 
products into soil against A. radicina in glasshouse and field conditions.  
 
5.4.2 Materials and Methods 
5.4.2.1 Efficacy of fungicides against Alternaria radicina in the laboratory 
Nine fungicides belonging to different chemical groups (Table 5.2) were selected based on 
previous reports of their activity against A. radicina (see Section 2.3.9.3). In this experiment, 
the effects of the fungicides on mycelial growth and conidial germination of three isolates of A. 
radicina (isolates 11, 33 and 46; see Section 3.2.3) were assessed.  
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Table 5.2 List of fungicides used in the laboratory study. 
Active 
ingredients  
(a.i.) 
Trade name (% a.i.) Chemical group(s) Supplier 
Iprodione Ippon (50%) Dicarboximide Chimac-Agriphar S.A. 
Belgium 
Chlorothalonil  Balear (50%) Chloronitrile Chimac-Agriphar; 
SA., Belgium 
Chlorothalonil + 
difenoconazole 
Cannon                 
(45% chlorothalonil + 
6.25% difenoconazole) 
Chloronitrile +    
DMI-triazole 
Tapuae Partnership, 
New Plymouth, NZ 
Difenoconazole Score (25%) ,, Syngenta Crop 
Protection Ltd 
Prothioconazole  Proline (25%) ,, Bayer CropScience 
New Zealand Ltd, 
Auckland, NZ 
Tebuconazole  Folicur (43%) ,, Bayer CropScience 
New Zealand Ltd, 
Auckland, NZ 
Azoxystrobin Amistar (50%) Methoxy-acrylate Syngenta Crop 
Protection Ltd, 
Auckland, NZ 
Pyraclostrobin Comet (25%) Methoxy-carbamate BASF Ltd 
Pyraclostrobin + 
boscalid  
Pristine               
(12.8% pyraclostrobin 
+ 25.2% boscalid) 
Methoxy-carbamate + 
pyridine-carboxamide 
BASF Ltd 
 
5.4.2.1.1 Mycelial growth assay  
Fungicide efficacy was tested using the poison food technique (Nene & Thapliyal, 1979). 
Nine fungicides (Table 5.2) were each tested at four concentrations of active ingredient (a.i.), 
viz, 1, 10, 100 and 1000 µg a.i./mL medium. While Coles et al. (2001) used 1 to 10000 µg a.i. 
/mL to test fungicide efficacy against A. radicina, in the present study the highest 
concentration used was 1000 µg a.i./mL because a preliminary study had indicated that most 
of the fungicides inhibited the pathogen at lower concentrations.  
The range of fungicide concentrations (9 fungicides × 4 concentrations + 1 control) was 
prepared by making stock solutions and serially diluting the commercial product into 
sterilised water. The required quantity of fungicides (1 mL) was aliquoted into 200 mL 
sterilized molten (50ºC) PDA medium in bottles and mixed by gentle rotation. Twenty mL of 
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each fungicide amended medium at each concentration was then poured aseptically into nine 
Petri plates (three replicate plates for each fungal isolate). Non-amended PDA medium (20 
mL) was also poured into each of nine Petri plates (three replicate plates for each isolate) 
which served as the control. The medium in the Petri plates was allowed to solidify for 15 min 
in a laminar flow cabinet. 
To inoculate the medium, seven day old cultures of the three isolates of A. radicina were 
used. From each isolate a 7 mm diameter mycelial agar plug was aseptically cut from the edge 
of the culture using a sterilised cork borer and placed in the centre of the amended or non-
amended medium in each Petri plate using a sterilised wire loop. These inoculated plates were 
incubated at 22ºC under a 12 h diurnal cool-white light for 7 days. After incubation, the 
average diameter of each fungal colony was calculated from two diameters measured at right 
angles to one another. Percent inhibition of colony growth associated with each treatment, 
relative to the control, was calculated by using the following formula (Bliss, 1934):  
C - T 
 I = 
C 
× 100 
 
Where, 
I = Percentage inhibition  
C = Control colony diameter (mm) 
T = Fungicide treatment colony diameter (mm)   
 
5.4.2.1.2 Conidial germination assay 
The following protocol for the conidial germination assay was described by Obanor (2006). 
For each fungicide, the same range of concentrations and the same three A. radicina isolates 
were used as mentioned above in Section 5.4.2.1.1. Conidia of A. radicina from each isolate 
were harvested as described in Appendix A.3, each conidial suspension being collected in 
separate sterile bottles, and the concentration adjusted to 1 × 105 conidia/mL. For each isolate, 
the conidial suspension (100 µL) was added to 100 µL of fungicide stock suspension and 800 
µL of potato dextrose broth in Eppendorf tubes. The contents were mixed by vortexing for 10 
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s and 20 µL of the aliquot placed onto each of three glass slides. For the control treatment, 
instead of fungicide, 100 µL of sterilised water was added into the conidial suspension. Each 
slide was placed onto the lid of a Petri plate and the bottom section of the plate, containing 30 
mL water agar (1.5 %), was placed upside down over the lid. The plates were sealed with 
cellophane and incubated in the same position at 22ºC in 12 h continuous light, before 
determining the frequency of conidial germination.  
The slides were carefully removed and examined using a stereo microscope at 400× 
magnification. A conidium was only counted as germinated when the germ tubes were at least 
half the length of the conidium (Figure 5.30). One hundred conidia were assessed for 
germination per replicate and the per cent inhibition of conidial germination, relative to the 
control, was calculated for each treatment using the formula given in Section 5.4.2.1.1. 
 
Figure 5.30  Microscopic view of germinated and non-germinated conidia of Alternaria 
radicina at 400×. 
 
For both the mycelial growth and conidial germination experiments, the EC50 value (the 
effective concentration of the chemical which is required to inhibit 50% of the biological 
processes of the test organism) was calculated. 
 
5.4.2.2 Efficacy of autumn spray of fungicides on foliar and root disease 
This experiment was set up in 2006 and maintained by Midlands Seed Ltd at two Mid-
Canterbury farms (Farm 1 at 43º53’45.26”S 171º50’12.29”E and Farm 2 at 43º51’06.55”S 
172º01’39E) to test the efficacy of autumn fungicide application against A. radicina. The trial 
was managed by the company, and only the disease assessment data were collected for this 
study. The female and male parent lines sown at Farm 1 were MID A5 (♀) and MID C63 (♂) 
Germinated conidium 
Non-germinated conidium 
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and Farm 2, MID A16 (♀) and MID C65 (♂). Both the farms had carrot seed crops naturally 
infested with A. radicina. While the full trial contained 27 treatments, only 15 of these 
treatments were selected (based on the literature and the in vitro study) and used for foliar and 
root disease assessment.  
The 15 treatments (Table 5.3), included a non-treated control, with one replicate plot of each 
treatment per farm randomly arranged in each of three blocks. The size of each experimental 
plot was 5 × 3 m, and comprised six rows of the female parent line. The fungicides were 
applied approximately 45 cm above the carrot plant using a hand-held pressurised small plot 
backpack sprayer with flat fan 11002 FF nozzles spaced 50 cm apart along the spray boom. 
This spray rig was operated at 20 psi which delivered 200 L of spray mixture per ha. The 
applications occurred in dry weather, and were always completed before 10 am to avoid wind 
that might have resulted in spray drift. The treatments and their application dates are given in 
Table 5.3. After this treatment application, all the plots received the company standard 
commercial spray program (intellectual property of Midlands Seed Ltd) which commenced 
from June.  
The disease assessment of each plot was conducted as described in Appendix A.5. Ten 
successive plants from each plot were randomly selected and used for three foliage disease 
assessments at six week intervals (6 September 2006, 12 October 2006 and 23 November 
2006), while the black root rot assessment was on 12 January 2007. The delay in beginning 
the foliage disease assessment for so long after the treatments had been applied was due to 
two reasons, 1: the trial was set up and designed by Midlands Seed Ltd before this PhD 
program started, and 2: during the winter the infection was very low. The individual disease 
rating of 10 plants was averaged to obtain the foliage and the root disease indices of each plot. 
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Table 5.3  Details of fungicides applied to carrot seed crops in autumn on two farms in 
2006.  
Active 
ingredient(s) (a.i.) 
Trade name               
(% a.i.) 
Supplier Product (a.i.) 
application rate/ha 
Application 
1 
Application 
2 
Control - - - - - 
Iprodione Rovral Flo® (25%) Bayer CropScience 
New Zealand Ltd, 
Auckland, NZ 
2 L (0.5 L)  - 
,, ,, ,, ,,   
Chlorothalonil Balear® (50%) See Table 5.2 3 L (1.5 L)  - 
,, ,, ,, ,,   
Difenoconazole Score® (25%) ,, 0.5 L (0.125 L)  - 
,, ,, ,, ,,   
Azoxystrobin Amistar® (25%) ,, 0.75 L (0.19 L)  - 
,, ,, ,, ,,   
Prothioconazole Proline® (25%) ,, 0.8 L (0.2 L)  - 
,, ,, ,, ,,   
Pyraclostrobin Comet® (25%) ,, 0.8 L (0.2 L)  - 
,, ,, ,, ,,   
Pyraclostrobin + 
boscalid 
BASF516®  
(10% pyraclostrobin + 
20% boscalid) 
BASF Cooperation, 
US 
1 L (0.1 L 
pyraclostrobin + 
0.2 L boscalid) 
 - 
,, ,, ,, ,,   
NB: for Farm 1, application dates were 12 April 2006 and 9 May 2006; and for Farm 2, 
application dates were 5 May 2006 and 25 May 2006. 
 
5.4.2.3 Effects of soil incorporation of fungicides, biological control agents 
and fumigants on carrot seedling emergence and Alternaria radicina 
soil population density 
This experiment was conducted in two parts: the first was conducted in a glasshouse to 
determine the effects of pre-emergence soil application of treatments on seedling emergence 
and A. radicina soil population density; and the second section was conducted in the field to 
determine the effect of post-emergence soil application of treatments on root and seed 
infection by A. radicina. 
5.4.2.3.1 Glasshouse study (2008) 
A glasshouse trial was set up in 2008 at a Lincoln University glasshouse (43º38’42.78” N 
172º27’43.24” E). The trial included 11 treatments: four fungicides, viz. iprodione, 
pyraclostrobin, difenoconazole and difenoconazole + chlorothalonil, two biological control 
agents, viz. T. atroviride LC 52 and T. harzianum, and three fumigants, viz. metam sodium, 
dichloropropene+chloropicrin and formaldehyde, and two control treatments, viz. inoculated 
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and not inoculated with A. radicina. The four fungicides were selected based on results from 
the laboratory (see Section 5.4.3.1) and field trials (see Section 5.4.3.2), and on the published 
literature (see Section 2.3.9.3). The fumigant (see Section 2.3.9.3.4) and biological control 
agents (see Section 2.3.9.4) were selected on the basis of previous reports and the commercial 
availability of the products in New Zealand. 
The silt loam soil used for the experiment was collected from a Mid-Canterbury field where 
carrot had never been grown (J. Townshend, personal communication, 2007). The soil was 
processed as described in Appendix A.2. Two different types of pots were used in the trial 
because the fumigation treatments needed sealable pots. For fumigants, there were three lots 
of soil required to fill 10 × 4.5 L sealable square pots (50 kg), and for the remaining 
treatments, there were eight lots of soil required to fill 10 × 4 L pots (42 kg). The required 
quantities of soil were weighed out and each soil aliquot spread evenly onto one each of 
eleven plastic sheets which had been placed on the ground.  
The three isolates of A. radicina used to inoculate the soil and the methods for mixed 
inoculum preparation were as described in Appendix A.3. Eleven lots of soil were inoculated 
using the method described in Appendix A.4 and the level adjusted to 250 CFUs/g soil. Each 
inoculated soil lot was well mixed using a shovel and placed into the 10 pots (4 L). The 
inoculated pots were left undisturbed in a glasshouse for 15 days (15 Jan-30 Jan 2008; 15-
31°C) to allow the inoculum to establish in the soil. The soil was sampled from each pot just 
before the treatment application by using a soil sampler (2.5 cm diameter) to a depth of 5 cm 
from the soil surface from two random spots. Alternaria radicina soil population density of 
each pot was measured using the soil dilution method (Appendix A.1).  
The fungicide, biological control and fumigant products were incorporated into the soil in 
pots at their recommended label rates (Table 5.4). The amount of product required for each 
pot was calculated by determining the soil surface area of the pot (0.03 m2). The required 
amounts of the fungicide and biological control products were mixed in 50 mL water and the 
suspension drenched separately into each pot by sprinkling evenly over the soil surface. 
Fungicide treated pots were watered using a hand spray gun to move the product down into 
the soil profile but without losing product via drainage. The biological control treated pots 
were not watered but the products mixed into the top 5 cm of soil using a small hand scoop as 
per the label recommendations. The pots were kept undisturbed on a glasshouse table for 15 
days (31 Jan-14 Feb 2008; 16-32°C).  
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The fumigants were applied, by a registered professional (Figure 5.31), by adding the product 
into a small hole (~5 cm diameter) made in the centre of the soil in each pot. Before 
application, metam sodium and formaldehyde were diluted in 50 mL water, while 
dichloropropene+ chloropicrin was not diluted (as per the label recommendations). After 
incorporation of the fumigant, the pots were sealed with the lid for 7 days. Thereafter the lid 
was removed and the pots were allowed to ventilate in an open field for another 15 days (31 
Jan-14 Feb 2008; 16-30°C) (as per the label recommendations). 
 
Table 5.4   Details of four fungicides, two biological control agents and three fumigants 
incorporated into soil, 2008. 
Active Ingredient 
(a.i.) 
Trade name (a.i.) Chemical 
group(s) 
Product (a.i.)  
application rate per ha 
Supplier 
Chlorothalonil + 
difenoconazole 
Cannon®        
(45% chlorothalonil + 
6.25% difenoconazole) 
Chloronitrile + 
DMI-triazole 
2 L  
(0.9 L chlorothalonil +  
0.125 L difenoconazole) 
See Table 5.2 
Iprodione Ippon® (50%) Dicarboximide 1 L (0.5 L) ,, 
Difenoconazole Score® (25%) DMI-triazole 0.5 L (0.125 L) ,, 
Pyraclostrobin Comet® (25%) Methoxy-
carbamate 
0.8 L (0.2 L) ,, 
Trichoderma 
atroviride LC132 
Tenet® (5 x 106 CFUs/g) Fungus 
  
25 kg (1.25 × 1011 
CFUs/g) 
Agrimm 
Technologies Ltd, 
Christchurch 
Trichoderma 
harzianum 
Unite® (5 x 107 CFUs/g) Fungus 0.75 kg (3.75 × 1010 
CFUs/g) 
,, 
Dichloropropene 
+ chloropicrin 
Telone C-35®         
(61.5% 1,3-
dichloropropene  
+ 34.5% chloropicrin) 
Halogenated 
hydrocarbons + 
miscellaneous 
350 L  
(215.25 g 1,3-
dichloropropene  
+ 120.75 g chloropicrin) 
Dow 
AgroSciences 
(NZ) Ltd, New 
Plymouth, NZ 
Formaldehyde Formalin (40%) Aldehyde  500 L (200 L) Packed by FIL 
Industries Ltd, Mt 
Maunganui, NZ 
Metam sodium Fumasol™ (51%) Isothiocyanates 500 L (255 L) Elliott 
Technologies Ltd 
Pukekohe, NZ 
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Figure 5.31  View of application of fumigation products into pots. 
 
The treated pots were sown (15 February 2008) with the same two cultivars of carrot (MID 
A5 and MID A16) which were used in Section 4.2.2.2.1. Ten seeds of each cultivar were 
separately sown into each of 5 pots (out of 10 pots) as described earlier in Section 4.2.2.2.1. 
Seedling emergence and post-emergence seedling death were assessed at 15 and 45 days after 
sowing (see Section 4.2.2.2.1).  
To determine the treatment effect on the A. radicina soil population density, soil was sampled 
again at 4, 16 and 32 weeks after treatment application using a soil sampler (2.5 cm diameter 
sampler to a depth of 5 cm). The soil collected from each pot was kept separately in a paper 
bag and was processed and A. radicina soil population density was measured as previously 
described. Alternaria radicina CFUs/g soil over the sampling time was determined by 
calculating the area under the curve (AUC) (see Section 4.3.2.5). At 45 days after sowing the 
plants were hand thinned to leave one plant per pot to remove competition effects. 
5.4.2.3.2 Field study (2008-09) 
Experiments were conducted at a Mid-Canterbury farm (43º48’52.90”S 171º57’46.83”E), 
where the carrot seed crop was at the 4-6 leaf stage and naturally infested with A. radicina. 
The female and male parent lines sown at the farm were MID A5 (♀) and MID C74 (♂), 
respectively.  
The fungicide and biological control agents used in the greenhouse trial were further tested in 
a post-emergence drenching trial in this carrot field. The fumigants were not used as they are 
not suitable for post-emergence application.  
 161 
Within the field, four replicate blocks (10 × 9 m2) were marked with white wooden pegs at 
different randomly selected places across the field. Each block included two beds, each with 
six rows of the female parent line, and in between the two female beds one bed of three rows 
of the male parent line (Figure 5.32). In this trial the male parent lines were not evaluated 
because after pollination they were removed by mechanical mulching. There were six 
treatments, comprising four fungicides and two biological control agents (Table 5.4). Each 
treatment was applied to a single row of female carrot plants which was randomly assigned 
within each block and the remaining six non-treated rows were considered as the control. 
 
9 m 
     
 
 
 
 
 
Figure 5.32  Diagram of the experimental block. 
 
The fungicides and biological control agents were applied to the soil at their commercial 
application rates on 1 May 2008. The water rate for the treatment application was equivalent 
to 10000 L/ha, which was half of that used previously by Coles and Wicks (2002) in a similar 
experiment, but was closer to that likely to be used by commercial carrot seed growers. The 
fungicides were mixed into 2 L water and drenched into the carrot root zone (Figure 5.33) 
using a watering can while walking along the single (10 m) row. The biological control 
product Unite was mixed in 2 L water and allowed to form a slurry for 20 min before 
applying in the field. Tenet® was applied as granules, and to avoid bird strike on the granules 
they were covered with soil immediately after application. After application, all the blocks 
continued to receive the company’s commercial fungicide spray program. 
Female carrot 
plants 
Female 
carrot plants 
Male carrot 
plants 
10 m 
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Figure 5.33 View of drenching soil with fungicide applied at 4-6 leaf stage of carrot plants 
in a Mid-Canterbury carrot seed crop field, 2008. 
 
In January 2009, 10 successive carrot plants from each treatment row were uprooted and 
assessed for black root rot disease using the method described in Appendix A.5.2. At seed 
maturity (17 March 2009) 10 primary umbels from each plot were hand harvested and 
processed using the same method as described in Appendix A.6. One hundred seeds from 
each plot were randomly selected and tested for A. radicina infection using the same method 
described in Appendix A.7. 
5.4.2.4 Statistical analysis 
For experiment 5.4.3.1, the fungicide effects on mycelial growth and conidial germination 
were analysed using GLM probit analysis (Genstat Ed 12; Lawes Agricultural Trust, 
Rothamsted Experimental Station, Hertfordshire, UK) to determine EC50 values and 
confidence interval at 95%. 
For experiment 5.4.3.2, the effects of single or double applications of the fungicides were 
tested using a factorial ANOVA (7 fungicides × 2 applications + 1 non-treated control). For 
each farm, the statistical analysis was done separately because of the differences in 
susceptibility of the different parent lines and the different growing environments. 
For experiment 5.4.3.3, the effects of the pre-emergence treatment applications on the 
seedling emergence of two carrot cultivars and the A. radicina soil population density in the 
glasshouse was tested using a two-way ANOVA. However, data for post emergence loss were 
not analysed because of very minor losses recorded. The means are therefore presented with 
their standard errors. For experiment 5.4.3.4, the effects of post-emergence treatments 
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application on black root rot rating and seed infection in the field study was assessed with a 
one-way ANOVA. 
When an ANOVA effect was significant at P≤0.05, then the differences between treatment 
means were further explored by using Fisher’s protected LSD. All the statistical computation 
was carried out using Genstat Ed. 12 (Lawes Agricultural Trust, Rothamsted Experimental 
Station, Hertfordshire, UK). 
5.4.3 Results 
5.4.3.1 Efficacy of fungicides against Alternaria radicina in the laboratory 
All the nine fungicides tested in this study reduced mycelial growth and conidial germination 
compared to the non-amended control. Iprodione was the most effective with the lowest EC50 
values (which for mycelial growth and conidial germination were 0.5 and 2 µg/mL, 
respectively) (Table 5.5; Figure 5.34). The least effective fungicide, azoxystrobin, had very 
high EC50 values for both mycelial growth (1071 µg/mL) and conidial germination (845 
µg/mL) (Table 5.5; Figure 5.34). Among the triazole group of fungicides, difenoconazole was 
more effective than prothioconazole and tebuconazole for preventing both mycelial growth 
and conidial germination (Table 5.5; Figure 5.34). Among the strobilurin group, 
pyraclostrobin was more effective than azoxystrobin in preventing both mycelial growth and 
conidial germination (Table 5.5; Figure 5.34). Among the combination products, 
difenoconazole+chlorothalonil was more effective at inhibiting mycelial growth but less 
effective at inhibiting conidial germination as compared to pyraclostrobin+boscalid (Table 
5.5; Figure 5.34). The three isolates tested in this study did not differ in their sensitivity to the 
tested fungicides (Table 5.6; Figure 5.34). 
 
 
 
 
 
 
 
 
 164 
 
  
Isolate 1        A                    B                  C                   D                  E               F              G               H              I             NC     
 
1 µg/mL 
 
 
 
10 µg/mL      
 
 
 
100 µg/mL 
 
 
 
1000 µg/mL 
 
  
Isolate 2         A                     B                    C                  D                     E            F              G            H              I               NC     
 
1 µg/mL 
 
 
 
10 µg/mL      
 
 
 
100 µg/mL 
 
 
 
1000 µg/mL 
 
  
Isolate 3         A                    B                  C                    D                E               F              G               H              I               NC     
 
1 µg/mL 
 
 
 
10 µg/mL      
 
 
 
 
100 µg/mL 
 
 
 
1000 µg/mL 
 
 
Figure 5.34 Effect of four different concentrations of each of nine fungicides on mycelial growth 
of three Alternaria radicina isolates in vitro at 7 days after incubation. 
A=difenoconazole; B=tebuconazole; C=pyraclostrobin + boscalid; D=difenoconazole 
+ chlorothalonil; E=pyraclostrobin; F=chlorothalonil; G=azoxystrobin; H=iprodione; 
I=prothioconazole; NC=non-amended control.  
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Table 5.5 EC50 values of nine fungicides for mycelial growth and conidial germination of 
Alternaria radicina. 
Active 
ingredients (a.i.) 
EC50 values             
(µg a.i./mL) for 
mycelial growth 
95% 
CI (±) 
EC50 value                
(µg a.i./mL) for 
conidial germination 
95% CI 
(±) 
Iprodione 0.5 0.1 2 0.3 
Chlorothalonil 11.9 1.9 25.9 3.3 
Difenoconazole + 
chlorothalonil 1.5 0.2 7.8 1 
Difenoconazole 1.3 0.3 16.4 2.2 
Prothioconazole 23.7 3.8 57.9 2.3 
Tebuconazole 4 0.6 20.3 2.6 
Azoxystrobin 1071 205.6 844.5 129.9 
Pyraclostrobin 19.3 3 26.4 3.4 
Pyraclostrobin + 
boscalid 4.2 0.7 3.3 0.4 
The values presented are the mean of three A. radicina isolates and three plates per isolate.  
Table 5.6 Mean fungicide EC50 values for mycelial growth and conidial germination for 
three isolates of Alternaria radicina. 
Alternaria 
radicina isolate 
Mycelial 
growth        
(µg a.i./mL) 
95% CI (±) Conidial 
germination 
(µg a.i./mL) 
95% CI (±) 
Isolate1 7.5 0.9 18.7 1.6 
Isolate2 7.1 0.8 17.4 1.5 
Isolate3 6.8 0.8 18.3 1.5 
 
5.4.3.2 Efficacy of autumn spray of fungicides on foliar and root disease 
At both farms, the foliar disease assessments in September (Figures 5.35 & 5.36) and October 
(Figures 5.37 & 5.38) showed that the fungicide treated plots had significantly (P≤0.05) lower 
disease ratings than the non-treated plots, but by November (Figures 5.39 & 5.40) there were 
no significant (P>0.05) differences among treatments. At Farm 1, in the September disease 
assessment there was a significant (P<0.001) reduction in foliar disease ratings for the 
fungicide treatments and for the double application (Figure 5.35). However, at Farm 2, only 
the former was significant (P<0.001) in the September disease assessment (Figure 5.36). At 
Farm 1, the plots treated with pyraclostrobin+boscalid, pyraclostrobin and difenoconazole had 
the lowest disease rating (Figure 5.35). At Farm 2, the pyraclostrobin and pyraclostrobin + 
boscalid plots had significantly (P≤0.05) less disease than all the plots treated with other 
fungicides (Figure 5.36). By October there were no significant (P>0.05) main effects of 
fungicides and number of applications on foliar disease ratings at either farm (Figures 5.37 & 
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5.38). There were no treatment interactions (P>0.05) at either farm at all three assessment 
times (Figures 5.35 to 5.40). 
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Figure 5.35  Effect of autumn applied fungicides and number of applications on carrot 
foliage infection at Farm 1, September 2006. Bars in the graph indicate LSD 
for the significant (P≤0.05) effect for control vs treated, number of applications 
and fungicides. The interaction between fungicides and number of applications 
was not significant (P>0.05).  
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Figure 5.36  Effect of autumn applied fungicides and number of applications on carrot 
foliage infection at Farm 2, September 2006. Bars in the graph indicate LSD 
for the significant (P≤0.05) effect of control vs treated and fungicides. The 
interaction between fungicides and number of applications was not significant 
(P>0.05). 
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Figure 5.37  Effect of autumn applied fungicides and number of applications on carrot 
foliage infection at Farm 1, October 2006. Bar in the graph indicates LSD for the
significant (P≤0.05) effect for control vs treated only. The effects of number of 
applications, fungicides and their interaction were not significant (P>0.05). 
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Figure 5.38  Effect of autumn applied fungicides and number of applications on carrot 
foliage infection at Farm 2, October 2006. Bar in the graph indicates LSD 
significant (P≤0.05) effect for control vs treated only. The effects of number of 
applications, fungicides and their interaction were not significant (P>0.05). 
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Figure 5.39  Effect of autumn applied fungicides and number of applications on carrot 
foliage infection at Farm 1, November 2006. There were no significant 
(P>0.05) effects of any treatments or their interaction. 
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Figure 5.40  Effect of autumn applied fungicides and number of applications on carrot 
foliage infection at Farm 2, November 2006. There were no significant 
(P>0.05) effects of any treatments or their interaction. 
 
At both the farms, black root rot ratings of plants in fungicide treated plots did not differ 
(Farm 1 and Farm 2; P=0.08 and P=0.12) from those in non-treated plots (Figures 5.41 & 
5.42). Also, no significant effect of fungicide (Farm 1 and Farm 2; P=0.57 and P=0.18 
respectively), number of applications (Farm 1 and Farm 2; P=0.19 and P=0.4 respectively) 
and interaction (Farm 1 and Farm 2; P=0.4 and P=0.7 respectively) was observed for black 
root rot ratings (Figures 5.41 & 5.42).  
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Figure 5.41 Effect of autumn applied fungicides and number of applications on carrot 
black root rot infection at Farm 1, January 2007. There were no significant 
(P>0.05) effects of any treatments or their interaction. 
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Figure 5.42 Effect of autumn applied fungicides and number of applications on carrot black 
root rot infection at Farm 2, January 2007. There were no significant (P>0.05) 
effects of any treatments or their interaction. 
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5.4.3.3 Effect of soil incorporation of fungicides, biological control agents 
and fumigants on carrot seedling emergence and Alternaria radicina 
soil population density 
5.4.3.3.1 Glasshouse study (2008) 
Seedling emergence was significantly (P<0.001) affected by soil treatments, but not cultivars 
(P=0.51) or the interaction of these two factor (P=0.9) with soil treatments. Mean seedling 
emergence for the non-inoculated control pots was 78%, while for the inoculated control pots 
it was only 49% (Table 5.7). All treatments except dichloropropene + chloropicrin, metam 
sodium and T. harzianum significantly increased emergence over that of the inoculated 
control. However, difenoconazole, difenoconazole + chlorothalonil, iprodione, pyraclostrobin 
and formaldehyde increased emergence to that of the non-inoculated control. Except for the 
inoculated control, no post-emergence seedling loss was observed (Table 5.7).  
 
Table 5.7  Effect of soil applied treatments on carrot seedling emergence and post-
emergence loss at 15 and 45 days after sowing, respectively, for two carrot 
cultivars. 
Seedling emergence (%)   
 
 Post-emergence seedling loss (%) 
(±standard errors of means) 
Cultivars Mean               Cultivars 
Soil applied treatments 
MID  
A10 
MID 
A16 
 
 
MID  
A10 
MID  
A16 
Difenoconazole 72 76 74 e  0 0 
Difenoconazole+ 
chlorothalonil 
72 72 72 de  0 0 
Iprodione 68 74 71 cde  0 0 
Pyraclostrobin 76 72 74 e  0 0 
Dichloropropene+ 
chloropicrin 
54 56 55 ab  0 0 
Formaldehyde 74 68 71 cde  0 0 
Metam sodium 48 58 53 ab  0 0 
Trichoderma atroviride  66 58 62 bcd  0 0 
Trichoderma harzianum 58 62 60 abc  0 0 
Inoculated control 46 52 49 a  2 (±2) 2 (±2) 
Non-inoculated control 76 80 78 e  0 0 
Mean 65 66     
NB: numbers followed by different letters indicate a significant (P≤0.05) difference within 
columns. There were no significant (P>0.05) effect of cultivars, and no interaction of 
treatment × cultivar. 
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There was a significant (P<0.001) effect of soil applied treatments on A. radicina soil 
population density (Figure 5.43). At 4 weeks after treatment, all treatments except for the two 
biological control agents had significantly (P≤0.05) reduced the soil population density as 
compared to the control (Figure 5.43), but by 16 weeks, the biological control treatments had 
also significantly (P≤0.05) reduced the soil population density as compared to the control 
(Figure 5.43). For the fungicides and fumigants there was a sharp decline in soil population 
density, but after the initial loss the population appeared to be increasing slightly (Figure 
5.43). Although not as rapid, there was a slow and steady reduction in the A. radicina 
population density for both the biological control agents (Figure 5.43).  
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Figure 5.43 Mean soil populations (CFUs/g soil) of Alternaria radicina before (0 day) and 
after treatment application (4-32 weeks). Bars at assessment times indicate 
LSD for significant (P≤0.05) difference. The absence of an LSD bar at 0 day 
before treatment application indicates no significant (P>0.05) effect. 
 
From inoculation to final assessment of A. radicina soil population densities the overall 
effects of soil treatments was significant (P<0.001) (AUC), but there was no effect of cultivar 
(P=0.9) and no significant (P=0.08) interaction (Figure 5.44). All the treatments significantly 
(P≤0.05) reduced the AUC compared to the inoculated control. Dichloropropene + 
chloropicrin, metam sodium and pyraclostrobin were the most effective treatments having 
significantly (P≤0.05) lower AUCs than the other treatments (Figure 5.44). Among other 
chemical treatments, the effects of difenoconazole, difenoconazole+chlorothalonil and 
formaldehyde were similar and greater (P≤0.05) than iprodione. While the two biological 
control agents did reduce AUC compared to the inoculated control, they were not as effective 
as the fungicides and fumigants (Figure 5.44). 
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Figure 5.44 Effect of soil treatments on overall recovery of Alternaria radicina soil 
population density (CFUs/g soil) over the duration of the experiment, 
calculated as area under the curve (AUC). Bar in the graph indicates LSD for 
effect of soil treatment only. The effects of cultivar and the interaction of 
treatment × cultivar were not significantly (P>0.05) different. 
 
5.4.3.3.2 Field study (2008-09) 
All the treatments resulted in small but significant (P=0.001) reductions in black root rot 
ratings compared to the control (Figure 5.45). Among the treatments, the lowest black root rot 
ratings were observed with pyraclostrobin, difenoconazole, difenoconazole + chlorothalonil 
and T. atroviride (Figure 5.45).  
At the end of the season, none of the treatments had reduced (P=0.43) the percentage of 
harvested carrot seeds carrying the pathogen (Figure 5.46).  
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Figure 5.45 Effect of soil applied treatments on black root rot caused by Alternaria 
radicina in 2008. The bar indicates the Fisher’s protected LSD value for a 
significant effect (P≤0.05). 
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Figure 5.46 Effects of soil applied treatments on percentage of harvested carrot seeds 
infected with Alternaria radicina in 2008. There were no significant (P>0.05) 
differences. 
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5.4.4 Discussion 
5.4.4.1 Efficacy of fungicides against Alternaria radicina in the laboratory 
In vitro studies determined the ability of the fungicides to restrict mycelial growth and prevent 
conidial germination of A. radicina as shown by their EC50 values. As there are very few 
previous report of in vitro evaluation of fungicides for inhibition of A. radicina mycelial 
growth and conidial germination, data on other Alternaria spp. are compared with the present 
findings. 
Iprodione affects conidial germination and mycelial growth by interfering in the osmotic 
signal transduction pathway (FRAC, 2010). Iprodione was the most effective fungicide in the 
in vitro study as it had the lowest EC50 values, with 0.5 µg/mL for mycelia growth which was 
consistent with Coles et al. (2001) who reported that mycelial growth of three out of four 
isolates of A. radicina was inhibited by iprodione at 50 and 500 ppm. Iprodione has also been 
reported to inhibit mycelial growth of A. alternata (Selmaoui et al., 1997; Pereira et al., 
2002), A. brassicae, A. brassicicola and A. japonica (Iacomi-Vasilescu et al. 2004), and 
conidial germination of A. brassicicola (Iacomi-Vasilescu et al. 2004) and A. alternata 
(Selmaoui et al., 1997).  
The triazole group of fungicides act by inhibiting sterol biosynthesis in cell membranes which 
affects the normal functioning and development of the fungus (FRAC, 2010). The triazoles in 
this study were all able to inhibit both mycelial growth and conidial germination. These 
results were consistent with previous reports on the inhibitory effect of difenoconazole on 
mycelial growth and conidial germination of A. brassicicola (Iacomi-Vasilescu et al. 2004), 
A. alternata (Kotha et al. 2009; Issiakhem & Bouznad, 2010) and A. solani (Issiakhem & 
Bouznad, 2010). Surviliene and Dambrauskiene (2006) also reported the inhibitory effect of 
tebuconazole on mycelial growth of other Alternaria spp. Although there are no reports of 
any inhibitory effects of prothioconazole on Alternaria spp., this fungicide has a similar mode 
of action to difenoconazole and tebuconazole (FRAC, 2010) and thus its effect was not 
surprising, although of this triazole group prothioconazole had the highest EC50 values. 
Chlorothalonil belongs to the chloronitrile group which acts on multiple biochemical sites, 
inactivating amino acids, proteins and enzymes of the targeted fungus by combining with 
their amino and thiol sites (Matheron, 2001). Chlorothalonil has previously been reported to 
inhibit the conidial germination of A. dauci (Rogers & Stevenson, 2010), A. alternata 
(Selmaoui et al., 1997; Issiakhem & Bouznad, 2010) and A. solani (Issiakhem & Bouznad, 
2010) and the mycelial growth of A. alternata and A. solani (Issiakhem & Bouznad, 2010). 
The combination of chlorothalonil+difenoconazole did not reduce the EC50 value for mycelial 
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growth of A. radicina over that of difenoconazole alone, but did result in a lower EC50 for 
conidial germination than either of the two individual fungicides. 
In the strobilurin group of fungicides, the quinone outside inhibitor (QoI) affects the 
respiration of the targeted organism by stopping energy production (ATP formation) by 
blocking the electron transfer chain at an ubiquinol oxidation site in the cytochrome b gene 
(Agrios, 2005; FRAC, 2010). In the present study out of all the fungicides evaluated, A. 
radicina isolates were least sensitive to azoxystrobin. This result contradicts that of Coles et 
al. (2001) who tested conidial germination of four isolate of A. radicina on water agar 
amended with 100 ppm salicylhydroxamic acid (SHAM) and azoxystrobin at different 
concentrations, and found that three of the four isolates were very sensitive at 10 ppm. SHAM 
is known to improve the efficacy of azoxystrobin fungicide (Jin et al. 2009), and possibly this 
could be the reason for the contradictory results. Surviliene and Dambrauskiene (2006) also 
showed that azoxystrobin had an inhibitory effect on mycelial growth of other Alternaria spp. 
This fungicide is classified in a group which is under high risk for resistance evolution 
(FRAC, 2010). It might be possible that due to heavy use over several years, New Zealand 
populations of A. radicina have become resistant to azoxystrobin. However the new fungicide 
in this group i.e. pyraclostrobin was able to inhibit both conidial and mycelial growth. An 
inhibitory effect of pyraclostrobin on conidial germination was reported against A. solani 
(Pasche et al., 2004). This difference in response by the two strobilurins may be because 
although both products belong to the QoI group, the chemical sub groups are different; for 
example, azoxystrobin belongs to the methoxy acrylate group and pyraclostrobin belongs to 
the methoxy-carbamate group (FRAC, 2010). Bicker et al. (1999) suggested that the efficacy 
of fungicides belonging to the same chemical group may differ because of the differences in 
the physiochemical characteristics of their active ingredients. 
Reuveni (2006) demonstrated the effect of pyraclostrobin+boscalid on A. alternata and the 
present results show that it is also effective against A. radicina. Boscalid acts by inhibiting 
production of the succinate ubiquinone reductase enzyme, which plays an important role in 
the Krebs cycle and mitochondrial transport chain (Myresiotis et al., 2008).  
5.4.4.2 Efficacy of autumn spray of fungicides on foliar and root disease 
Fungicide application in the autumn reduced carrot foliar infection in September and October 
at both farms. In Mid-Canterbury, symptoms of foliar infection by A. radicina usually appear 
in autumn as the disease starts developing on the carrot plants. Slowing down this build-up by 
the destruction of inoculum with fungicides applied in autumn is likely to have produced this 
result. It is not surprising that the effect lasted until October because an increase in infection 
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usually starts with the beginning of spring plant growth. However, by November, the control 
observed earlier had disappeared because the experiments were conducted in a small area 
within the big commercial carrot seed crops where the plants surrounding the experiment area 
would have provided wind-borne inoculum and therefore secondary infection. This result also 
indicated that the commercial fungicide programme applied to the crop (including the 
experiment plots) from June was not effective in controlling the pathogen. 
For A. radicina control, iprodione (EPPO, 2000; Farrar et al., 2004; Saude & Hausbeck, 2005; 
Nunez et al., 2009), difenoconazole (EPPO, 2000), chlorothalonil (EPPO, 2000; Farrar et al., 
2004; Saude & Hausbeck, 2005; Anonymous, 2010c), pyraclostrobin and pyraclostrobin + 
boscalid (Anonymous, 2010c) have all been recommended for use in carrot. All these 
fungicides are also reported to control A. dauci infection in carrot (see Table 2.2). The poor 
response of azoxystrobin found in the field might be explained by the in vitro study which 
indicated the insensitivity of the three New Zealand A. radicina isolates towards this 
fungicide. The present study concurs with earlier reports since it showed that pyraclostrobin, 
pyraclostrobin+boscalid and difenoconazole were the most promising fungicides. However, 
the field result for iprodione was contrary to the in vitro results which showed that iprodione 
provided the best inhibition of mycelial growth and conidial germination. This may have been 
because the in vitro testing used only three isolates of the pathogen, whereas in the field, 
many isolates of the pathogen are present, and some isolates may have been insensitive to the 
fungicide. The testing medium may also affect fungicide efficacy. For example, Moje et al. 
(1963) reported that DL-ethionine was found to be 20 times more toxic when tested in 
synthetic solution as compared to potato dextrose agar. In the field, there are many other 
factors besides fungicide type and its mode of action that can influence the efficacy of a foliar 
fungicide application; for example, application timing, environmental conditions, plant 
susceptibility, plant growth rate and disease level (Koike et al., 2007). Apart from a small 
reduction in foliar disease rating at Farm 1 in the October assessment, there was no evidence 
to suggest that a double fungicide application in autumn was beneficial. The autumn 
application of fungicide had no effect on black root rot. Systemic fungicides applied to foliage 
are not usually translocated to the root (Erwin, 1973). It is likely that, as for the foliar 
infection, if there were any fungicide effects on black root rot, they had disappeared following 
inoculum increase in the spring and early summer, due to an ineffective late season fungicide 
programme. 
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5.4.4.3 Effect of soil incorporation of fungicides, biological control agents 
and fumigants on carrot seedling emergence and Alternaria radicina 
soil population density 
5.4.4.3.1 Glasshouse study (2008) 
Pre-plant incorporation of the four fungicides, formaldehyde and T. atroviride significantly 
(P≤0.05) increased seedling emergence as compared to the inoculated control. This was 
mainly because these treatments (except T. atroviride) had significantly (P≤0.05) reduced 
soil-borne inoculum at 4 weeks after the treatment application. Previous results (see Section 
4.2.3.2) showed that carrot seedling emergence increased as A. radicina soil inoculum levels 
reduced. Soil applied fungicides typically have low or negligible phytotoxicity (Domsch, 
1964) and thus by reducing soil inoculum they were able to improve seedling emergence. 
However, two of the fumigants, viz. metam sodium and dichloropropene+chloropicrin, while 
reducing soil-borne inoculum, did not improve seedling emergence. It may be possible that 
fumigant residues still persisted in the soil at the time of carrot seed sowing. For 
example, metam sodium is known to have long persistence in the soil which may cause 
phytotoxic effects (Slusarski, 1989). In the present study the absence of fumigant residue was 
not confirmed before sowing the carrot seeds. In any future trials, this should be tested by 
sowing fast germinating cress (Schneider, 1961) or lettuce seed (Llyod, 1962). Angiosperms 
and fungi have many similar metabolic processes (Domsch, 1964) and this may explain why 
two of the soil fumigants affected seedling emergence. Lloyd (1962) found that the phytotoxic 
effect of metam sodium remained in soil longer in a glasshouse study than in an open field. 
Thus, it may be possible the phytotoxic effect of fumigant in this study was mainly associated 
with the glasshouse environment, although this is not known. 
Soil fumigants vaporise and diffuse from a higher concentration to a lower concentration and 
become distributed throughout the soil profile (Goring, 1967; Lembright, 1990). Metam-
sodium controls a wide range of soil-borne fungi including Verticillium (Triky-Dotan et al., 
2009), Rhizoctonia, Pythium, Fusarium, Phytophthora and Sclerotinia species (O’Neill et al., 
2005). It inactivates the thiol group of enzymes and decomposes into methyl isothiocyanate 
(MITC) which binds to oxygen carrying molecules and prevents the tissue from using them. 
In the dichloropropene+chloropicrin product, chloropicrin is the main active ingredient which 
has fungicidal activity against soil-borne fungi. Schmitt (1949) tested over 600 soil applied 
fungicides in pots and found chloropicrin was the most effective for controlling mycelium of 
several pathogenic soil-borne fungi. It is known to control Rhizoctonia, Pythium (Desaeger et 
al., 2008), Phytophthora, Fusarium and Verticillium species (Klose et al., 2007). 
Chloropicrin also has a herbicidal effect from its phytotoxic action (Newhall, 1955), and if 
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some residues remained in the soil at sowing, this probably explains why seedling emergence 
was reduced.  
The most effective fumigant in the present study was Formalin (formaldehyde) which is not 
currently registered for use in agricultural fields in New Zealand (Anonymous, 2010b). 
Formaldehyde has been known for a long time as a soil sterilant to control soil-borne 
pathogens (Kadow & Anderson, 1937). Formaldehyde is degraded in 7-8 days at a soil 
temperature of 25ºC (Murray, 1989), into carbon dioxide and water by soil microbes (Kung &
Wagner, 1970). This limited mobility and short time persistence may explain why seedling 
emergence was higher in the formaldehyde treated pots. This is supported by Mishra 
and Bais (1987) who reported that Formalin soil application (5000 ppm formaldehyde) 
increased seedling emergence of barley by reducing pre- and post-emergence mortality caused 
by Sclerotinia [Corticium] rolfsii.  
There are many factors that can affect the efficacy of soil applied fumigants; for example, 
diffusion distance, soil moisture, texture and organic matter content. The greater the distance 
from the target organism, the lower the effectiveness; in fine soils they are less effective than 
in coarse soils because of the smaller pore space in the former for diffusion (Dickey, 1962). In 
addition, about 12% soil moisture is considered adequate for proper fumigation, and organic 
matter is important since higher amounts reduce the effectiveness due to adsorption (Cohen & 
Martin, 2008, as cited in Yakabe et al., 2010). The roles of these factors in disease control in 
the present study are not known. Soil fumigants are not registered for field use in New 
Zealand and there are many health and safety hazards which make this use unlikely in the 
future.  
Both the Trichoderma spp. products evaluated were similar in their effectiveness against A. 
radicina. There have been no previous field studies which reported the effect of Trichoderma 
spp. against soil-borne A. radicina. However, some laboratory studies have demonstrated the 
potential of Trichoderma spp. to control the pathogen. Sesan (1990) conducted an in vitro trial 
on stored carrot and found that T. viride has strong antagonism against A. radicina. In another 
in vitro study, Bridžiuvien÷ and Repečkien÷ (2009) reported a 61% reduction of A. radicina 
colony growth under the influence of volatile metabolites of T. hamatum on malt agar after 8 
days. Both the Trichoderma spp. used in this study were earlier reported to control many soil-
borne fungi (see Table 2.3). The mode of action of T. atroviride LU 132 is via competition as 
it aggressively colonises the root zone and prevents fungal pathogens successfully 
establishing (Anonymous, 2010b). Trichoderma harzianum is also reported to inhabit the root 
zone, providing a protective layer by competing for nutrients and space with pathogens. It can 
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also kill pathogens by direct contact or through antibiosis (Anonymous, 2010b). Beresniewicz 
and Duczmal (1994) reported that the competitive ability of Chaetomium elatum against A. 
radicina was enhanced in soil with high organic matter. Thus, future trials should incorporate 
organic matter into the soil before testing these products.  
Soil is a complex environment where microorganisms cause both positive and negative effects 
on fungicide activity (Domsch, 1964). Fungicides may persist in soil to control disease either 
as a stable chemical or as an effective decomposition product (Domsch, 1964). However, their 
persistence in soil depends upon factors including chemical structure, physical and chemical 
properties of soil and organic matter (Dimond & Owen, 1996; Thom et al., 1997). It is not 
known to what extent these factors played a role in the present study. 
Soil applied fungicides affect survival of the pathogen (Domsch, 1964), thereby reducing soil 
population density. For the fungicide treatments, the soil population density initially sharply 
declined because of the presence of the chemicals but once they presumably began to be 
degraded the pathogen inoculum levels again started to increase. In contrast, the biological 
control agents, once established, provided a continuing reduction in A. radicina soil 
population density although their reduction was much less than for other treatments. Whether 
the Trichoderma products would continue to be effective after 32 weeks is something which 
should be explored in the future.  
5.4.4.3.2 Field study (2008-09) 
The field study showed a small but significant (P≤0.05) reduction of black root rot by 
pyraclostrobin, difenoconazole, difenoconazole+chlorothalonil and T. atroviride. This result 
is well supported by the glass house study which showed that the application of fungicide and 
biological control agents into the soil significantly (P≤0.05) reduced A. radicina soil 
population density. The results presented in Section 4.2.3.1 showed a positive and significant 
(P≤0.05) correlation between black root rot disease and A. radicina soil population density. 
Coles and Wicks (2002) also reported the reduction of Alternaria in carrot crops by post-
emergence soil drenching with iprodione and difenoconazole.  
Trichoderma atroviride provided better control of the disease in the field than it did in the 
glasshouse. The reason for the greater effectiveness of this biological control agent may be its 
formulation, where the organism is coated on nutrient kernels which helps it with early 
establishment in new soil. The other biological control agent used, T. harzianum, is entirely 
dependent on an external source of organic matter in the soil. This result from T. atroviride is 
very encouraging, especially for organic seed production, where the use of synthetic 
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chemicals is prohibited. The present study was designed to screen as many products as 
possible and therefore could not focus on any individual product in depth due to time 
constraints. Thus, more field trials are needed to validate the results.  
Although pyraclostrobin, difenoconazole and difenoconazole+chlorothalonil were more 
effective than T. atroviride in reducing the A. radicina soil population density, these products 
did not differ from T. atroviride for black root rot disease control. However, the fungicide 
drenching, while reducing soil-borne inoculum, possibly also affected naturally-occurring 
microbial antagonists. Karunanithi and Usman (1999) tested the effect of soil drenching with 
thiram, carbendazim and copper oxychloride on the survival of T. viride, which is a known 
beneficial fungus. Thiram significantly reduced T. viride levels, carbendazim had an 
intermediate effect, while copper oxychloride had no effect on the survival of T. viride. From 
the present study it is not known whether the fungicides negatively affected other soil 
microbes. 
In Mid-Canterbury, soil fungicide drenching is not currently used in carrot seed production 
mainly because of the very high water application rate required (J. Townshend, personal 
communication, 2008). The water application rate could possibly be reduced if the application 
was made just before rain, so that the rain water moved the fungicide down the soil profile, 
but since one cannot depend on sufficient rainfall, alternative control options must be 
available.  
In the present study, the effects of pre- and post-sowing incorporation of soil treatments were 
assessed in separate experiments. Future studies should investigate the combined effects of 
both pre- and post-sowing incorporation of fungicides or biological control agents into the 
field, possibly at several applications at a lower rate of soil fungicide than a single application 
(Cram & Vaartaja, 1957).  
5.5 Conclusions 
This Chapter has provided evidence of some methods which can be used in an integrated 
management plan for control of A. radicina. Steaming provided initial control of A. radicina 
and it has some advantages over flaming in that it can be applied in windy conditions, has 
fewer health and safety hazards (which may make the method more suitable for commercial 
use), and additionally may help to control weeds. The steaming treatment applied at 2.3 km/h 
in early June reduced the foliar disease for 3 months and also provided a small but significant 
reduction in black root rot severity. However, steaming was not able to prevent the later 
build-up of infection due to spring/summer wind-borne inoculum from the surrounding crop. 
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Steaming the entire field should be investigated, to determine whether the disease build up 
which occurs in spring can be effectively reduced following this treatment.  
The susceptibility screening trial demonstrated that some parent lines were more resistant than 
others against foliar and root disease caused by A. radicina. Growing resistant cultivars can be 
a cost effective method and could reduce the need for fungicide application (Rogers & 
Stevenson, 2006). However, the choice of male and female parent lines is determined by the 
overseas company (i.e. to produce specific hybrids according to the market requirements), and 
disease susceptibility/resistance may not be a factor in this decision (J. Townshend, personal 
communication, 2009).  
Drip irrigation significantly reduced the severity of foliar and black root rot symptoms in the 
carrot seed crop, which resulted in lower seed infection and higher germination. As the 
present work did not include replication of the irrigation treatments, it needs to be repeated 
using replication before any recommendation on irrigation method could be made. 
Unfortunately, the higher cost of installing drip irrigation may make this an unattractive 
option for farmers.  
For the management of soil-borne A. radicina, long term crop rotation has an important role. 
Growing crops like wheat, faba bean and barley in former carrot fields can reduce soil-borne 
A. radicina, and appropriate crop rotations can be used in both conventional and organic 
carrot seed production systems. Therefore, farmers should use wheat, barley or faba bean in 
the crop rotation after carrot to reduce soil-borne inoculum. There is also an advantage to 
Mid-Canterbury carrot seed growers that no other umbelliferae family crops (i.e. alternative 
hosts) are grown on a large scale in this region, which makes the task easier for the selection 
of crops in the rotation. 
The in vitro study of fungicides showed that all the fungicides tested, except azoxystrobin, 
were effective in inhibiting mycelial growth and conidial germination of A. radicina. The 
field study suggested that autumn fungicide application, especially with pyraclostrobin, 
pyraclostrobin+boscalid or difenoconazole, would be an effective method for delaying the 
onset of the disease, but that two autumn applications of fungicide were unlikely to be 
worthwhile. However, the autumn fungicide application did not prevent the spring build up of 
the foliar disease. If improvement in disease control in spring/summer could be achieved the 
benefit of the autumn applied fungicides may be prolonged and possibly more effective long 
term. 
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Pre-sowing soil treatment with fungicides, formaldehyde and T. atroviride would allow 
increased seedling emergence in infested soil. Post-emergence drenching with pyraclostrobin, 
difenoconazole, difenoconazole+chlorothalonil and T. atroviride allowed a small reduction in 
black rot infection of the carrot tap root, but did not reduce seed infection, because of wind-
borne secondary infection from adjacent non-treated plants. Therefore, an effective fungicide 
or biological control agent application to the umbels near to seed maturity could be useful for 
producing high quality seed (see Section 6.2). The study also showed that azoxystrobin did 
not control A. radicina despite previous reports that it did so. Effective fungicides with 
diverse modes of action should be used wisely in any commercial spray programme to avoid 
the development of fungicide resistance. 
While most of the control methods tested in this study showed partial control of A. radicina, 
none of them completely eliminated the disease. The present project studied the effect of 
individual control methods. In the future, the focus should be on the effect of an integration of 
these control methods. Ben-Noon et al. (2003) studied individual and interaction effects of 
chemical, host resistance and irrigation methods against foliar disease of carrot caused by A. 
dauci. They found that the interaction of the fungicides and host resistance produced an 
additive effect, while the use of both chemical applications and drip irrigation produced a 
synergistic effect against foliar blight. 
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     Chapter 6 
Investigation of control methods applied near to seed 
maturity for preventing infection of the carrot umbels by 
Alternaria radicina 
6.1 Introduction  
In Mid-Canterbury, carrot seeds are grown for overseas customers. Since 2003 carrot seed 
crops produced in both conventional and organic production systems have been subject to 
infection by Alternaria radicina (J. Townshend, personal communication, 2006). Infected 
seed can result in poor germination, and thus severe economic losses to the Mid-Canterbury 
seed industry if seed quality contract standards cannot be met (J. Townshend, personal 
communication, 2006). 
In this chapter the effects of fungicides, biological control agents and a desiccant on carrot 
seed quality were investigated. The effects were studied in two independent experiments 
which are each presented with a separate introduction, materials and methods, results and 
discussion. However, a final conclusion encompasses all the respective methods for the 
control of umbel infection and is presented at the end of the chapter. 
6.2 Application of fungicides and biological control agents to the 
umbels 
6.2.1 Introduction 
To control A. radicina, fungicide applications are usually made in Mid-Canterbury throughout 
the crop life cycle and completed with a single application of iprodione at 0.5 L/ha 
(equivalent to Ippon® at 1 L product/ha) one week before swathing to reduce seed-borne A. 
radicina (J. Townshend, personal communication, 2006). However, as described earlier, this 
fungicide program has not provided effective control of the pathogen and more effective 
control methods are needed to prevent infection of seed by the pathogen, as it is still detected 
in many of the harvested seed lots.  
The fungicides used in this investigation were selected from those reported in the literature 
(see Section 2.3.9.3) and from the results of the previous laboratory and field studies (see 
Section 5.4.3). An important consideration was the suitability of the fungicides for use close 
to seed harvest. For example, pyraclostrobin and pyraclostrobin+boscalid are not suitable 
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close to seed harvest as they prolong greening of the carrot foliage, which interferes with the 
harvesting timetables (R. Wilson, personal communication, 2008). Biological control agents 
were selected solely on the basis of their commercial availability and disease control ability as 
reported in the literature. The experiments reported in this section were designed in such a 
way that the results could readily be adopted by commercial growers.  
The purpose of this study was to investigate the control of seed-borne A. radicina offered by 
commercially available fungicides and biological control agents when applied to primary 
umbels prior to carrot seed harvest. 
6.2.2 Materials and Methods 
Two years of field trials were conducted, with the second year trial design modified according 
to the results of the first year. 
6.2.2.1 First field experiment (2008) 
First year experiments were conducted at two Mid-Canterbury farms (Farm 1 at 
43º50’46.77”S 172º05’55.16”E and Farm 2 at 43º52’18.34”S 171º41’20.52”E), which had 
carrot crops naturally infested with A. radicina. The female and male parent lines at Farm 1 
were MID A5 (♀) and MID C52 (♂) while at Farm 2 they were MID A5 (♀) and MID C71 
(♂). Three fungicides, viz. difenoconazole+chlorothalonil (Cannon®), iprodione (Ippon®) and 
difenoconazole (Score®), and three biological control agents, viz. Trichoderma atroviride LC 
52 (Sentinel®), Bacillus subtilis QST713 (Serenade Max®) and Ulocladium oudemansii 
(Botry-Zen®) were used for the experiment (Table 6.1). Pinolene (NuFilm-17®, Miller 
Chemical and Fertiliser Corporation, USA), a sticker/spreader/UV protectant, was added into 
the spray tank at 1.2 L product/ha with the biological control agents to assist them to persist 
on carrot tissue. 
Application rates of product and water volumes used in the trial were decided after consulting 
with the production manager of Midlands Seed Ltd (Ross Wilson). The application rates used 
for iprodione were the current recommended rate (0.5 L/ha) and double that rate (1 L/ha), 
whereas, the rates for difenoconazole+chlorothalonil and difenoconazole were the 
recommended rate (2 and 0.5 L/ha, respectively) and half of that rate (1 and 0.25 L/ha, 
respectively). The application rates used for the biological control agents were lower (T. 
atroviride LC52, 2.5 × 1011 CFUs/ha; B. subtilis QST713, 2.92 × 1012 CFUs/ha; U. 
oudemansii, 2 × 1011 CFUs /ha) than the recommended label rate (T. atroviride LC52, 5 × 
1011 CFUs/ha; B. subtilis QST713, 2.92 × 1013 CFUs/ha; U. oudemansii, 1 × 1012 CFUs/ha) 
(Anonymous, 2010c). The major reason for using the lower rates was that there was no 
 186 
information about their effects on carrot seeds and, as these trials was conducted on farmers’ 
crops, it was important to avoid any possible reductions in seed quality.  
Table 6.1  Details of three biological control agents and three fungicides applied to carrot 
umbels on two farms in 2008. The application frequency of treatments prior to 
swathing is shown. 
Product 
name 
Active Ingredient  
(a.i.) 
Supplier Product (a.i.) rate/ha Application 
(two weeks 
before 
swathing) 
Application 
(one week 
before 
swathing) 
Sentinel® T. atroviride LC 52  
2.5 × 109 CFUs/g 
Agrimm 
Technologies 
Ltd, NZ 
0.1 kg 
(2.5 × 1011 CFUs) 
 - 
,, ,, ,, ,,   
Serenade 
Max® 
B. subtilis QST713 
7.3 × 109 CFUs/g 
AgraQuest, 
Inc., USA 
0.4 kg 
(2.92 × 1012 CFUs) 
 - 
,, ,, ,, ,,   
Botry-
Zen® 
U. oudemansii  
2.5 × 108 CFUs/g 
Botry-Zen 
Ltd, 
Dunedin, NZ 
0.8 kg 
(2 × 1011 CFUs) 
 - 
,, ,, ,, ,,   
Cannon® 6.25% difenoconazole 
+ 45% chlorothalonil 
See  
Table 5.30 
1 L (0.0625 L 
difenoconazole + 
0.45 L 
chlorothalonil) 
-  
,, ,, ,, 2 L (0.125 L 
difenoconazole + 0.9 
L chlorothalonil) 
-  
Ippon® 50% iprodione ,, 1 L 
(0.5 L) 
-  
,, ,, ,, 2 L  
(1 L) 
-  
Score® 25% difenoconazole ,, 0.25 L  
(0.0625 L) 
-  
,, ,, ,, 0.5 L 
(0.125 L) 
-  
Control    - - 
NB: for Farm 1, application dates were 27 February 08 and 4 March 08; for Farm 2, 
application dates were 17 March 08 and 26 March 08. 
 
Current standard grower practices were followed by applying the fungicides one week before 
swathing, while the biological control agents were applied either twice (two weeks and one 
week before swathing) or once (one week before swathing). The timing of treatment 
application was determined by the development of the seeds in the primary and secondary 
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umbels (i.e. at two weeks before swathing 50% of the primary umbels and 10% of the seeds 
in the secondary umbels had turned brown, whereas, at one week before swathing 100% of 
the seeds in the primary umbels and 50% of the seeds in the secondary umbels had turned 
brown). Given that assessment of seed maturity is a skilled task, timing advice was obtained 
from field professionals before treatment application. There were 13 treatments, included a 
non-treated control, with four replicate plots of each treatment per farm arranged in a 
randomized complete block design. The size of each experimental plot was 5 × 1.8 m, which 
comprised three rows of the female parent line (MID A5). The treatments were applied 
approximately 45 cm above the carrot plants using a hand-held pressurised small plot 
backpack sprayer with flat fan 11004 DG nozzles spaced 50 cm apart along the spray boom 
(Figure 6.1). This spray rig was operated at 30 psi which delivered 600 L of spray mixture per 
ha. The water rate was greater than that used commercially and was used to provide saturation 
coverage of treatments on the umbels to achieve maximum effect (J. Townshend, personal 
communication, 2008). The applications occurred in dry weather, and were always completed 
before 10 am to avoid wind that might have resulted in spray drift.  
 
 
Figure 6.1  View of spray rig used to apply the treatments to six rows of carrot. 
 
At seed maturity (Farm 1, 10 March 08; Farm 2, 3 April 2008) ten primary umbels 
selected in a zigzag traverse from each plot were hand harvested and processed using the 
same method as described in Appendix A.6. One hundred seeds from each plot were 
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randomly selected and tested for A. radicina infection and seed germination using the same 
method described in Appendices A.7 and A.8, respectively. 
6.2.2.2 Second field experiment (2009) 
Based on the previous year’s result, only one biological control agent, viz. U. oudemansii, and 
all three fungicides, viz. difenoconazole+chlorothalonil, iprodione and difenoconazole were 
tested in this second experiment. Chlorothalonil (Bravo WeatherStik®) alone was added 
because difenoconazole+chlorothalonil is a combination product and the latter active 
ingredient had not been assessed individually in 2008. Experiments were conducted at two 
Mid-Canterbury farms (Farm 3 at 43º48’52.90”S 171º57’46.83”E and Farm 4 at 
43º51’28.85”S 171º54’54.76”E), which had carrot crops naturally infested with A. radicina. 
The female and male parent lines at Farm 3 were MID A5 (♀) and MID C74 (♂) while at 
Farm 4 they were MID A5 (♀) and MID C75 (♂). Pinolene (NuFilm-17®) at 1.2 L product/ha 
was again added into the spray tank with the biological control agent. Ulocladium oudemansii 
was tested at two different rates (2 × 1011 and 3 × 1011 CFUs/ha) and applied either twice (2 
and 1 week(s) before swathing) or once (1 week before swathing), while the fungicides were 
applied at the same rates and application times as the previous year (Table 6.2).  
There were 12 treatments, including the non-treated control, with four replicate plots per farm 
arranged in a randomized complete block. The size of each experimental plot was increased to 
4 × 3.6 m, with six rows of the female parent line (MID A5), to increase the population of 
carrot plants from where samples could be drawn. The treatments were applied at the usual 
commercial water rate of 400 L/ha (J. Townshend, personal communication, 2008) using the 
same spray rig as in the previous year. The reduced water rate was achieved by using a 
different nozzle (flat fan 11003 DG) to the one used the previous year. The applications were 
made in dry weather, and again were completed before 10 am.  
Similar to the first year’s trial, at seed maturity (17 March 2009) 10 primary umbels were 
randomly selected in a zigzag traverse and hand harvested from each plot. The seed samples 
were processed (Appendix A.6), and 100 seeds from each plot tested for A. radicina infection 
(Appendix A.7) and seed germination (Appendix A.8). 
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Table 6.2   Details of one biological control agent and four fungicides applied to carrot 
umbels on two farms in 2009. The application frequency of treatments prior to 
swathing is shown. 
Product name Active ingredient  
(a.i.) 
Supplier Product (a.i.) rate/ha Application 
(two weeks 
before 
swathing) 
Application 
(one week 
before 
swathing) 
Botry-Zen® U. oudemansii  
2.5 × 108 CFUs/g 
See  
Table 6.1 
0.8 kg  
(2 × 1011 CFUs) 
 - 
,, ,, ,, ,,   
,, ,, ,, 1.2 kg  
(3 × 1011 CFUs) 
 - 
,, ,, ,, ,, -  
Cannon® 6.25% chlorothalonil 
+  
45% difenoconazole 
See  
Table 5.30 
1 L  
(0.0625 L 
chlorothalonil + 0.45 
L difenoconazole) 
-  
,, ,, ,, 2 L  
(0.125 L 
chlorothalonil + 0.9 L 
difenoconazole) 
-  
Ippon® 50% iprodione ,, 1 L  
(0.5 L) 
-  
,, ,, ,, 2 L  
(1 L) 
-  
Score® 25% difenoconazole ,, 0.25 L  
(0.0625 L) 
-  
,, ,, ,, 0.5 L  
(0.125 L) 
-  
Bravo 
WeatherStik® 
72% chlorothalonil Syngenta 
Group 
Company 
2 L  
(1.44 L) 
-  
Control    - - 
NB: for Farm 3, application dates were 2 March 09 and 9 March 09; for Farm 4, application 
dates were 2 March 09 and 10 March 09. 
 
6.2.2.3 Statistical analysis 
The data for each experiment were subjected to one-way ANOVA to compare the individual 
effect of fungicides and biological control agents on the pathogen. There was substantial 
variation between the two farms in any one year due to the difference in male parent lines 
(because disease susceptibility and germination ability of each hybrid can be affected by their 
genetics), difference in growing environment, time and amount of the last irrigation, relative 
proximity to nearby carrot seed crops (because an adjacent early maturing hybrid could 
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release inoculum at harvest), climatic conditions and disease pressure. Therefore data from 
each farm in either year were analysed separately for infected seeds, normal seedlings, 
abnormal seedlings and dead seeds. When the ANOVA was significant (P≤0.05) then only 
the effect of treatment means was compared using Fisher’s protected LSD0.05. The data were 
normally distributed so raw data were analysed. All the statistical computation was carried out 
using Genstat Edition 12 (Lawes Agricultural Trust, Rothamsted Experimental Station, 
Hertfordshire, UK). 
6.2.3 Results 
6.2.3.1 First field experiment (2008) 
6.2.3.1.1 Seed infection 
There was a significant (P<0.001) effect of treatments on seed infection at both the farms. At 
Farm 1, all treatments significantly (P≤0.05) reduced the incidence of seed-borne A. radicina 
except the single applications of T. atroviride , U. oudemansii and both B. subtilis treatments 
along with the lower rate of difenoconazole (Figure 6.2). The minimum incidence was 
observed with a double application of U. oudemansii, but this did not differ (P>0.05) from 
both the difenoconazole+chlorothalonil treatments and the higher rate of difenoconazole 
(Figure 6.2). 
At Farm 2, all the treatments significantly (P≤0.05) reduced A. radicina incidence in seeds 
except for both B. subtilis treatments (Figure 6.2). Again, the double applications of U. 
oudemansii provided the lowest incidence of infected seed which was equivalent (P>0.05) to 
the reduction caused by the higher rates of the difenoconazole+chlorothalonil and 
difenoconazole treatments (Figure 6.2).  
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Figure 6.2  Effect of treatments applied to carrot umbels on percentage of harvested seeds 
infected with Alternaria radicina at two farms in 2008. Statistical analysis of 
each parameter was done separately. Presence of bars indicates Fisher’s 
protected LSD values for a significant (P≤0.05) effect. 
1 single application at 
two weeks before swathing, 2 double application at two and one week(s) before 
swathing, 3 single application at one week before swathing, * lower application 
rate and ** higher application rate.  
 
6.2.3.1.2 Seed germination  
There were significant effects of fungicide treatments at both the farms (Farm 1; Farm 2) for 
normal (P<0.001; P<0.001) and abnormal (P=0.01; P=0.002) seedlings but not dead seeds 
(P=0.06; P=0.6). Germination (normal seedlings) of seeds from the control plots was 59% for 
Farm 1 and 66% for Farm 2, and the abnormal seedlings were 23 and 24%, respectively. For 
Farm 1, all the treatments except the single T. atroviride application significantly (P≤0.05) 
increased germination, some by ≥20% (the difenoconazole+chlorothalonil treatments, the 
higher rates of difenoconazole and iprodione, and the double application of U. oudemansii) 
(Figure 6.3). For Farm 2, only four treatments, viz. the double application of U. oudemansii, 
the higher rate of difenoconazole + chlorothalonil and both difenoconazole treatments 
significantly (P≤0.05) increased germination from 66% (control plots) to 74, 75, 76 and 77%, 
respectively (Figure 6.4). For most treatments where germination was increased, this was 
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associated with a significant (P≤0.05) reduction in the number of abnormal seedlings, as dead 
seed numbers did not differ (P>0.05) among the treatments at either farm (Figures 6.3 & 6.4). 
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Figure 6.3  Effects of treatments applied to carrot umbels on carrot seed germination at 
Farm 1 in 2008. Statistical analysis of each parameter was done separately. 
Presence of bars indicates Fisher’s protected LSD values for a significant 
(P≤0.05) effect. However, absence of an LSD bar for dead seeds indicates no 
significant effect (P>0.05). 1 single application at two weeks before swathing,  
2 double application at two and one week(s) before swathing and 3 single 
application at one week before swathing, * lower application rate and ** higher 
application rate.  
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Figure 6.4  Effects of treatments applied to carrot umbels on carrot seed germination at 
Farm 2 in 2008. Statistical analysis of each parameter was done separately. 
Presence of bars indicates Fisher’s protected LSD values for a significant 
(P≤0.05) effect. However, absence of an LSD bar for dead seeds indicates no 
significant (P>0.05) effect. 1 single application at two weeks before swathing,  
2 double application at two and one week(s) before swathing and 3 single 
application at one week before swathing, * lower application rate and ** higher 
application rate.  
 
6.2.3.2 Second field experiment (2009) 
6.2.3.2.1 Seed infection 
There was a significant (P<0.001) effect of treatments on seed infection at both the farms. At 
Farm 3, nine of the eleven treatments significantly (P≤0.05) reduced seed-borne A. radicina 
(Figure 6.5), with only the lower rate of iprodione and the single rate of chlorothalonil failing 
to do so. The double application of U. oudemansii, the single application of U. oudemansii at 
one week before swathing, and both difenoconazole rates used had a significantly (P≤0.05) 
lower infection than the other products used (Figure 6.5). For seed from Farm 4, nine of the 
eleven treatments significantly (P≤0.05) reduced seed-borne A. radicina (Figure 6.5), with 
only the lower rate of difenoconazole + chlorothalonil and again the chlorothalonil failing to 
do so (Figure 6.5). Once again the double application of U. oudemansii, and the single 
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application of the higher rates of iprodione and difenoconazole a week before swathing 
resulted in a significantly (P≤0.05) lower A. radicina seed infection than other treatments. 
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Figure 6.5  Effect of treatments applied to carrot umbels on percentage of harvested seeds 
infected with Alternaria radicina at two farms in 2009. Statistical analysis of 
each farm was done separately. Presence of bars indicates Fisher’s protected 
LSD values for a significant (P≤0.05) effect. 
1 single application at two weeks 
before swathing, 2 double application at two and one week(s) before swathing 
and 3 single application at one week before swathing, * lower application rate 
and ** higher application rate.  
 
6.2.3.2.2 Seed germination 
There was a significant effect of treatments at both the farms (Farm 3; Farm 4) for normal 
(P<0.001; P<0.001) and abnormal (P=0.002; P<0.001) seedlings but not dead seeds (P=0.2; 
P=0.9). Germination (normal seedlings) of the seeds from the control treatment was 69% and 
71% from Farms 3 and 4, respectively, while abnormal seedlings were 19% from Farm 3 and 
23% from Farm 4 (Figures 6.6 & 6.7). For seed from Farm 3, germination was significantly 
(P≤0.05) increased by all treatments except the higher rate of U. oudemansii applied at two 
weeks before swathing and the lower rate of iprodione, while the number of abnormal 
seedlings was significantly (P≤0.05) decreased except for the same treatments plus 
chlorothalonil (Figure 6.6). For seed from Farm 4, all the treatments except both rates of U. 
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oudemansii applied at two weeks before swathing and chlorothalonil significantly (P≤0.05) 
increased germination, and all except chlorothalonil significantly (P≤0.05) decreased numbers 
of abnormal seedlings (Figure 6.7). Some of the treatments (both rates of difenoconazole, the 
double application at lower rate of U. oudemansii, and the higher rate of iprodione) 
consistently increased germination at both the farms by ≥12% (Figures 6.6 & 6.7).  
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Figure 6.6  Effect of treatments applied to carrot umbels on carrot seed germination at 
Farm 3 in 2009. Statistical analysis of each parameter was done separately. 
Presence of bars indicates Fisher’s protected LSD values for a significant 
(P≤0.05) effect. However, absence of an LSD bar for dead seeds indicates no 
significant (P>0.05) effect. 1 single application at two weeks before swathing,  
2 double application at two and one week(s) before swathing, 3 single 
application at one week before swathing, * lower application rate and ** higher 
application rate.  
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Figure 6.7  Effect of treatments applied to carrot umbels on carrot seed germination at 
Farm 4 in 2009. Statistical analysis of each parameter was done separately. 
Presence of bars indicates Fisher’s protected LSD values for a significant 
(P≤0.05) effect. However, absence of an LSD bar for dead seeds indicates no 
significant (P>0.05) effect. 1 single application at two weeks before swathing,  
2 double application at two and one week(s) before swathing, 3 single 
application at one week before swathing, * lower application rate and ** higher 
application rate. 
 
6.2.4 Discussion 
6.2.4.1 Seed infection 
The two successive years of field experiments showed that the current practice of applying 
iprodione at 0.5 L/ha was not as effective as some of the other treatments used in the trials in 
reducing seed-borne A. radicina. A double application of U. oudemansii at the lower rate, and 
the single applications of difenoconazole, difenoconazole+chlorothalonil or iprodione at the 
higher rate at two and/or one week before swathing significantly (P≤0.05) reduced A. radicina 
seed infection as compared to the non-treated control. Among these treatments, only U. 
oudemansii and difenoconazole gave consistent results, whereas the efficacy of the other 
treatments varied at the different farms in different years. For example, in 2008, 
difenoconazole+chlorothalonil provided greater control of seed-borne A. radicina compared 
to iprodione at Farm 1 (but was equivalent at Farm 2), while in 2009, the situation was 
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reversed and the latter fungicide provided greater control at Farm 4 but was equivalent at 
Farm 3. The difference in the performance of the fungicides in different years could be due to 
the different water rates used in each year, as a higher water rate (500-700 L/ha) is 
recommended for the maximum effect of difenoconazole+chlorothalonil and a lower water 
rate (100 L/ha) for iprodione (Anonymous, 2010c). The lack of control by chlorothalonil, 
which is a contact fungicide, may also be associated with the water rate because it was 
applied in 400 L/ha water rate while the recommended water rate is double that (at least 800 
L/ha) (Anonymous, 2010c). However, the water rate did not affect the efficacy of 
difenoconazole as this product is recommended to be used with a water rate of 500-700 L/ha. 
In Canterbury, carrot seed growers usually apply fungicides with a maximum of 400 L 
water/ha, as higher water rates (and so fungicide rates) are not considered commercially 
feasible over large areas (J. Townshend, personal communication, 2008). 
Bickers et al. (1999) reported that the ability of fungicides to control plant diseases depends 
on many factors such as application technique, chemical formulation, prevailing weather 
conditions and plant characteristics. Factors likely to have affected the results of the current 
experiment include differences in disease pressures and the different carrot hybrids at each 
farm. The effect of disease pressure was illustrated by Köhl et al. (2004) who conducted an 
experiment to determine the efficacy of an application of U. atrum after inoculation of carrot 
plants with 103 or 104 conidia/mL of A. radicina. They reported that increasing the inoculum 
by a factor of ten increased A. radicina seed infection from 33% to 54% of that in water 
treated control plants. The present study showed that in 2009 at Farm 3 where the disease 
pressure was greater (33% infection in the control seeds), difenoconazole was more effective 
than iprodione in reducing the incidence of A. radicina, while at lower disease pressure (22% 
infection in the control seeds) at Farm 4 similar control was provided by both fungicides. The 
susceptibility to A. radicina of the different carrot parent lines used in these trials was 
unknown, as any information available is kept “in-house” by the seed companies. However, 
from the results presented in Chapter 5.3, it is evident that susceptibility to the pathogen can 
differ among carrot parent lines. 
Fungicide efficacy against Alternaria diseases has been reported to vary from region to region 
and within regions over different years, depending upon the changing growing conditions 
(Strandberg, 1992). This was well illustrated in 2008, where at both farms the control offered 
by the higher rates of difenoconazole, difenoconazole+chlorothalonil and iprodione did not 
differ (P>0.05), whereas in 2009, difenoconazole outperformed the other two fungicides at 
Farm 3 and out performed difenoconazole+chlorothalonil at Farm 4 due to increased disease 
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pressure as discussed above. The reason is not known but their modes of action are likely to 
have influenced their activity against A. radicina in or on the seed. Iprodione is a broad 
spectrum locally systemic fungicide and has limited curative activity against internal seed-
borne fungi (Agrios, 2005). In contrast, difenoconazole is not a true systemic but has a 
translaminar activity which means it can control internal as well as external seed-borne 
infection by inhibiting the demethylation step in ergosterol biosynthesis (Dahmen & Staub, 
1992; Anonymous, 2010c). The results from the previous Chapter showed that 
difenoconazole was more effective in controlling A. radicina foliar (Section 5.4.3.2) and root 
(Section 5.4.3.3.2) infections than iprodione, but this result contradicted the results of the in 
vitro experiment (Section 5.4.3.1). It is relatively common for fungicides which were found 
effective in in vitro trials to produce a different effect in field trials (Cole et al., 2005). One 
possible reason is that some of the A. radicina isolates in the field were resistant to iprodione, 
as has been reported in Australia after widespread use of the fungicide in carrot fields (Coles 
et al., 2001).  
Previous reports have shown that difenoconazole has protective, curative and eradicative 
properties and has been recommended for control of A. radicina (EPPO, 2000) and some 
other Alternaria spp. For instance, on carrots, leaf blight caused by A. dauci was effectively 
controlled by difenoconazole (Vulsteke et al., 1996; Ben-Noon et al., 2001), and on tomatoes, 
difenoconazole applied at 7 days prior or 1 day after inoculation gave 83-100% control of A. 
solani (Dahmen & Staub, 1992). Shtienberg and Dreishpoun (1991) reported that 
difenoconazole significantly reduced leaf spot caused by A. macrospora in pima cotton. 
However as with many systemic fungicides, there is always a concern about the development 
of pathogen resistance and therefore a maximum of three applications is recommended in one 
growing season. 
In the previous in vitro experiments (Section 5.4.3.1) chlorothalonil was relatively less 
effective than other fungicides in suppressing mycelial growth and conidial germination of A. 
radicina, and this was confirmed in the 2009 field trials. Thus for difenoconazole + 
chlorothalonil, the control of A. radicina is presumably be due to the difenoconazole 
component of the product rather than the chlorothalonil component. There is also a 
disadvantage in applying difenoconazole+chlorothalonil near to seed maturity, because 
chlorothalonil degrades slowly (Anonymous, 2010c) and therefore treated crop debris must be 
burned rather than used for livestock grazing because of fungicide residue contaminating the 
crop debris.  
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In 2008 the biological control agents, T. atroviride LC52 (Sentinel®) and B. subtilis QST713 
(Serenade Max®) provided little control of A. radicina, thus confirming the results of Merfield 
(2006). However the decision to use the lower application rates (T. atroviride LC52 at 2.5 × 
1011 CFUs/ha and B. subtilis at 2.92 × 1012 CFUs/ha compared to their recommended rates of 
5 × 1011 CFUs/ha and 2.92 × 1013 CFUs/ha, respectively), was to conform to the economics 
(cost per ha) required by commercial growers (J. Townshend, personal communication, 
2008), and may have been the cause in part for this low efficacy. However, the economically 
viable reduced rate of U. oudemansii (2 × 1011 CFUs/ha) compared to the recommended label 
rate for Botrytis control which is 1 × 1012 CFUs/ha did consistently reduce seed-borne A. 
radicina when applied twice. Therefore, in 2009 T. atroviride LC52 and B. subtilis were not 
re-tested and the research focused on using U. oudemansii with different rates and timings. 
The two applications of U. oudemansii (each at 2 × 1011 CFUs/ha) were again successful in 
2009 and provided comparable control to the most effective fungicides. 
Ulocladium oudemansii is a necrotrophic organism which aggressively colonises senescing 
plant tissues (Monchiero et al., 2005; Reglinski et al., 2005). Since A. radicina is a facultative 
saprophyte and also survives on dead tissues (Strandberg 1992; Rotem, 1994; Pryor et al., 
1998) U. oudemansii may compete with A. radicina for senescing tissue and therefore 
suppresses its growth. This is the first report of U. oudemansii being tested against A. 
radicina, although a biological control fungus in the same genus i.e. U. atrum, was tested in 
two different experiments on carrot seed production in the Netherlands where the treatment 
reduced seed-borne A. radicina by 44 and 42% as compared to the control (Köhl et al., 2004). 
Ulocladium oudemansii is registered for use in other crops (Anonymous, 2010c) where it has 
successfully been used for control of Botrytis cinerea on grapevines (Monchiero et al., 2005; 
Reglinski et al., 2005) and kiwifruit (Hill et al., 1999), as well as for control of Sclerotinia 
sclerotiorum on kiwifruit (Hoyte et al., 2007). 
While it might be considered unusual for a biological control agent to provide consistent 
control when applied to the carrot umbels in summer, Hill et al. (1999) have already 
demonstrated that U. oudemansii can remain effective under varying environmental 
conditions. They conducted 11 field trials at two different geographic locations in New 
Zealand to evaluate the efficacy of U. oudemansii in preventing spore production of B. 
cinerea on necrotic kiwifruit leaf disks, when the antagonist was applied 24 h after the 
pathogen inoculation. They found that in all field trials at both the locations U. oudemansii 
consistently reduced disease development more effectively than iprodione. During this trial 
period, the temperature and relative humidity (RH) in 2008 in Mid-Canterbury were 6.5ºC to 
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26.3ºC and 37% RH to 100% RH respectively, whereas in 2009, it was 4.3ºC to 25.5ºC and 
38% RH to 97% RH respectively (Appendix C). The maximum humidity which very close to 
100% in both years, probably facilitated the growth of U. oudemansii in the field 
environment. The field temperatures were also near to optimum, since U. oudemansii has 
been reported to grow within a wide range of temperatures (8ºC to 30ºC), with the maximum 
growth at 20ºC (Elmer et al., 2008). These environmental conditions which are common in a 
Mid-Canterbury summer, are likely to suit the use of U. oudemansii in carrot seed crops. 
In this study, the efficacy of U. oudemansii was dependent on the timing and number of 
applications. For example, a single application at a high or low rate was not as effective as the 
double application of U. oudemansii at the low rate. These results support the 
recommendations of the manufacturer Botry-Zen Ltd (2008) which stated that a minimum of 
two applications of U. oudemansii are recommended in Canterbury conditions for control of 
B. cinerea on grapes. For A. radicina, the double application was as effective as the best of 
the fungicide treatments.  
Many of the treatments significantly (P≤0.05) reduced A. radicina seed-borne inoculum, but 
none of them completely eliminated the pathogen from the seed. This may be because the 
seeds can become infected from infected umbel parts during the post harvest and cleaning 
processes (see Appendix A.6) as was reported by Tylkowska (1992; Appendix D.1). In these 
trials, only primary umbels were assessed but a commercial seed lot contains a mixture of 
seeds from primary, secondary and possibly tertiary umbels. At the time of treatment 
application the seed maturity of primary and secondary umbels was different, and the 
desiccant trial results (see Section 6.3.3) showed that secondary umbels had higher infection 
levels than primary umbels in the non-treated control.  
6.2.4.2 Seed germination 
The beneficial effects of the treatments on seed germination followed a similar trend to their 
effect on seed infection. However, consistent increases in germination were only obtained 
from the plots treated with a single application of difenoconazole at 0.125 L a.i./ha and the 
double application of U. oudemansii (2 × 1011 CFUs/ha). These improvements in germination 
were mainly due to significant (P≤0.05) reductions in numbers of abnormal seedlings which 
were directly related to reductions in seed-borne A. radicina. None of the treatments 
significantly (P>0.05) affected the incidence of dead seeds, which demonstrated that seeds 
were dead due to physiological immaturity rather than any treatment effects. This is supported 
by Korohoda (1971, as cited in Beresniewicz & Duczmal, 1994) who found that up to 8-11% 
of carrot seeds in that study did not germinate even if the seeds appeared healthy. Similar 
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work by Wu and Wu (2003) found that A. protenta infected sunflower seeds treated with 1 
ppm of difenoconazole had an improved germination and significantly reduced incidence of 
diseased (i.e. abnormal) seedlings as compared to the non-treated control. Although many of 
the treatments significantly (P≤0.05) improved germination and some of them allowed >80% 
germination, none met the contract requirement of ≥85% germination; therefore more 
research is required and this is discussed in the next section. 
Current approaches to plant disease control are based on an integration of different products 
having different modes of actions. Lima et al. (2008) reported that the integration of a small 
amount of fungicide with a biological control agent can enhance the effectiveness of an 
antagonist against various postharvest diseases. Botry-Zen Ltd (2008) recommended some 
fungicides which are compatible with U. oudemansii viz: copper hydroxide, tebufenoxide, 
metiram, pyrimethanil, sulphur and myclobutanil, and that U. oudemansii can be mixed with 
them for application. However, other fungicides are not compatible viz: azoxystrobin, 
iprodione, chlorothalonil, dithianon, mancozeb, tolylfluanid, cyprodinil+fludioxonil and 
thiram, and should not be used together with U. oudemansii. In Mid-Canterbury, carrot seed 
growers currently use iprodione and chlorothalonil fungicide in their fields which are not 
compatible with U. oudemansii. Therefore care will be needed if using U. oudemansii 
together with these fungicides. It is not known if difenoconazole is compatible with U. 
oudemansii and this will need to be determined.  
There is also pressure world-wide to reduce the amount of fungicides used in cropping fields. 
Some fungicides which were once effective have been taken off the market due to the 
development of disease resistance (Coles et al., 2001). Under these circumstances, the 
approach of integrating chemical and biological control agents may be a desirable option. 
Previous reports have shown the potential for integration. Reglinski et al. (2005) 
demonstrated that integration of a chemical elicitor (5- chlorosalicylic acid), which could 
stimulate the host cell response against infection, with U. oudemansii reduced grape bunch rot 
caused by B. cinerea (to <15.2% infection) of the disease as compared to either product used 
alone. Monchiero et al. (2005) carried out six trials in NW Italy to control B. cinerea in 
grapes and found that U. oudemansii gave better control of the disease when it was applied in 
alternation with the fungicides cyprodinil and fludioxonil as compared to its use alone. 
Fludioxonil may be worth incorporating into future trials in alternation with the biological 
control agent since it has been recommended as a seed treatment to control seed-borne A. 
radicina (du Toit & Pelter, 2003). Hoyte et al. (2007) tested the combined or individual 
effects of two biological control agents, U. oudemansii and HRE (Epicoccum nigrum) against 
 202 
Sclerotinia sclerotiorum in kiwifruit, and found that a combination of the two, at half the field 
rate of either, was equivalent to any individual product at the full rate. Although the 
combination of two biological control agents was not better than the individual products in the 
study, it does indicate the ability of U. oudemansii to be used with other biological control 
agents.  
These reports indicated that U. oudemansii may have the potential to be used in conjunction 
with chemical or other biological control agents. Thus, future research should aim to acquire 
more knowledge about the compatibility of U. oudemansii with other biological control 
agents and/or fungicides which may allow greater control of seed-borne A. radicina and 
thereby improve New Zealand carrot seed quality.  
This study only covered the treatment effect on primary umbels. It would be important in 
future work to include secondary umbels in trials, as about 60% of the total carrot seed yield 
comes from the secondary umbels at the row spacing currently used in Mid-Canterbury. Also 
future work should include testing for A. radicina seed infection during seed development 
which could show when the infection of seed begins, which could help with scheduling of 
disease control programs. In addition, U. oudemansii should also be tested for its effect on 
foliar lesions caused by A. radicina, as this could be very useful for organic and conventional 
carrot seed production.  
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6.3 Application of desiccant to the umbels 
6.3.1 Introduction 
In Canterbury carrot seed crops, swathing when around 100% of the seeds on the secondary 
umbels have turned brown is the most common method used to facilitate seed harvesting. 
However, applying a desiccant before swathing could be useful, particularly in a season 
where harvesting conditions are difficult i.e. wet and cloudy weather (Austen & Longden, 
1968). The use of the desiccant diquat, product name Reglone®, has only been reported a few 
times in carrot seed production. In Italy, Montanari and Lovato (1981) found that diquat 
applied at 0.6 L a.i./ha just prior to harvest had no effect on seed yield or quality, and in 
Russia, Mikheev et al. (2007) reported that applying diquat at 0.5 L a.i./ha six days prior to 
cutting increased seed yield and germination.  
Diquat acts on the plant by desiccating green leaf tissue, thus facilitating early, clean and 
efficient seed harvesting (Mikheev et al., 2007; Anonymous, 2010c) with a reduced need for 
post harvest drying (Gubbels & Dedio, 1985). Diquat is a water soluble compound which is 
translocated in the plant through the xylem, and therefore high humidity with low soil 
moisture content can improve its uptake (Brian, 1966). If it is translocated to the seed and 
reaches the embryo, death can occur. Germination loss following desiccation can result from 
incorrect application rates (Miller, 2002) and/or application times (Gubbels & Kenaschuk, 
1981). Therefore care must be taken to ensure that the rate and timing of diquat application 
does not reduce seed quality. Besides desiccation, diquat has previously been reported to have 
fungicidal properties (Wallnofer, 1968), but nothing is known of its effects against A. 
radicina. 
This section describes a laboratory experiment and two successive years of field experiments, 
conducted during 2008-09, to investigate the effects of diquat at three application rates on 
seed-borne A. radicina and on carrot seed germination. 
6.3.2 Materials and Methods  
6.3.2.1 Laboratory experiment 
An in vitro trial was conducted using the same amended agar method as described in Section 
5.4.2.1. Diquat was tested against one isolate of A. radicina (isolate 11; see Section 3.2.3.1) at 
the same four concentrations (1, 10, 100 and 1000 µg a.i./mL) previously used for other 
fungicides (Section 5.4.2.1), and these four concentrations plus a control were replicated four 
times. Only one isolate was tested because the in vitro fungicide results (see Section 5.4.3.1) 
showed no significant differences among the isolates. For assessing any effects on mycelial 
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growth, the inoculated plates were incubated for 7 days at 27ºC in the dark, whereas, for 
conidial germination, the inoculated plates were incubated for 12 h in the dark at 20ºC. For 
both experiments, the EC50 value for diquat (the effective concentration of the chemical which 
is required to inhibit 50% of the biological processes of a test organism) was calculated. 
6.3.2.2 First field experiment (2008) 
This experiment was conducted at a Mid-Canterbury farm (Farm 1 at 43º48’52.90”S 
171º57’46.83”E), which had a carrot crop naturally infected with A. radicina. The female and 
male parent lines were MID A5 (♀) and MID C71 (♂), but the trial only included the female 
parent line as the male line had been removed after pollination. The trial had a control (no 
diquat) and three diquat rates, viz. 0.2, 0.4 and 0.6 L a.i./ha. These rates were decided 
according to their commercial feasibility and the results of the in vitro experiments. All 
treatments had three replications arranged in a randomised block design, the size of each 
experimental plot being 5 × 3 m which included six rows of the female parent line. To 
improve coverage, penetration and uptake properties of the desiccant, an organo-silicone 
surfactant, viz. Highway (distributed by Pro−Active New Zealand Ltd) was added to the spray 
mixture at 25 mL/100 L water (Anonymous, 2010c). Plants were randomly selected in a 
zigzag traverse for uniform levels of seed maturity, with five primary and five secondary 
umbels selected and tagged in each plot before treatment application. Treatments were 
applied to the plots on 30 March 2008 in 400 L/ha water using the spray rig (with flat fan 
11003 DG nozzles) as described in Section 6.2.2.1 at 4 days before swathing (when ca. 80% 
of the seeds in the secondary umbels had turned brown). At seed maturity (100% of the seeds 
in the secondary umbels had turned brown) on 3 April 2008, the tagged primary and 
secondary umbels were separately hand harvested and processed using the same methods 
described in Appendix A.6.  
From the stored carrot seeds, 100 seeds from each plot were randomly selected and tested for 
A. radicina infection (Appendix A.7) and germination (Appendix A.8) using the same 
methods as described earlier.  
6.3.2.3 Second field experiment (2009) 
The trial was repeated in 2009 using the same application rates as the previous year’s trial. 
Field trials were conducted at two Mid-Canterbury farms (Farm 2 at 43º48’52.90”S 
171º57’46.83”E and Farm 3 at 43º51’28.85”S 171º54’54.76”E), which had carrots crops 
naturally infected with A. radicina. The female and male parent lines at Farm 2 were MID A5 
(♀) and MID C74 (♂) while at Farm 3 they were MID A5 (♀) and MID C75 (♂). The size of 
each experimental plot was 5 × 3 m which comprised of six rows of the female parent line. 
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The plants were selected for uniform levels of seed maturity, with five primary and five 
secondary umbels selected and tagged in each plot before treatment application. Treatments 
were applied at both farms using the same spray rig (with flat fan 11003 DG nozzles) as 
described in Section 6.2.2.1 on 13 March 2009. At seed maturity (100% of secondary umbels 
turned brown) on 17 March 2009, the tagged primary and secondary umbels were separately 
hand harvested and processed using the same method described in Appendix A.6.  
From the stored carrot seeds from each plot, two sets of 50 seeds from each plot were 
randomly selected and tested for A. radicina infection (Appendix A.7) and germination 
(Appendix A.8) using the same methods as described earlier.  
6.3.2.4 Statistical analysis 
For the laboratory trial, all the data were analysed using the command GLM probit analysis to 
determine EC50 values and confidence intervals at 95%. 
For the field trials, the seed assessment data for each experiment were subjected to one-way 
ANOVA suitable for the randomised block design, to compare the individual effects of the 
diquat rates on seeds from primary or secondary umbels. There was substantial variation 
between seed maturity of primary and secondary umbels, and each farm in any year was 
different due to the differences in male parent lines (because disease susceptibility and 
germination per cent of each hybrid would be different due to their genetics), difference in 
growing environment, time and amount of last irrigation, relative proximity to existing carrots 
(because early maturing cultivar could release inoculum at harvest), climatic conditions and 
disease pressure. Therefore, data for infected seeds, normal seedlings, abnormal seedlings and 
dead seeds from primary or secondary umbel were analysed separately for each farm in either 
year. When the ANOVA effect was significant (P≤0.05) then only the effect of treatment 
means was compared using Fisher’s protected LSD0.05. The data were normally distributed so 
raw data are presented in the results figures. Since primary and secondary umbel data were 
separately analysed, to compare them the mean values are presented with their standard 
errors. All the statistical computation was carried out using Genstat Edition 12 (Lawes 
Agricultural Trust, Rothamsted Experimental Station, Hertfordshire, UK). 
6.3.3 Results 
6.3.3.1 Laboratory experiment 
Diquat reduced mycelial growth (Figure 6.8) and conidial germination of A. radicina (Table 
6.3) compared to the controls. EC50 value for the inhibition of mycelial growth was 26.95 µg 
a.i./mL and that for conidial germination was 183.2 µg a.i./mL (Table 6.3). On the basis of 
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this result field application rates were selected.  
 
Table 6.3   EC50 values of diquat at different concentrations for inhibition of mycelium 
and conidial germination of Alternaria radicina in vitro. Values are means of 
four replicates. 
 Active ingredient 
(a.i.) 
Concentration 
range (µg a.i./mL) 
EC50 (µg 
a.i./mL) 
95% Confidence 
interval (±) 
Mycelium growth    
 0.2 g/l diquat as 
dibromide salt SC 
1-1000 26.95 4.59 
Conidial germination    
 0.2 g/l diquat as 
dibromide salt SC 
1-1000 183.20 33.7 
 
 
 
  
 
 
 
 
 
Figure 6.8   Effect of different concentrations of diquat on mycelial growth of Alternaria 
radicina in vitro. 
 
 
6.3.3.2 First field experiment (2008) 
6.3.3.2.1 Seed infection  
There was a significant effect of diquat treatments on reduction of seed-borne A. radicina, in 
both primary (P<0.001) as well as secondary (P=0.01) umbels. All three diquat application 
rates significantly (P≤0.05) reduced seed-borne A. radicina infection compared to the control, 
in both umbel types (Figure 6.9). Control seeds from both the primary and secondary umbels 
had a similar (22% (±1.1) and 23% (±3.1), respectively) infection level (Figure 6.9). In seeds 
from primary umbels, the highest application rate (0.6 L a.i./ha) produced a significant 
 
 1000 µg/mL         100 µg/mL        10 µg/mL           1 µg/mL                         Control 
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(P≤0.05) and the largest reduction (50%) in the seed-borne infection, but in seeds from 
secondary umbels, the application rates did not result in differences (P>0.05) in infection 
(Figure 6.9).  
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Figure 6.9   Effect of diquat at three active ingredient application rates, when applied to 
primary and secondary carrot umbels, on percentage of seeds with Alternaria 
radicina infection, Farm 1, 2008. Statistical analysis of seeds from primary and 
secondary umbel was done separately. Presence of bars indicates Fisher’s 
protected LSD values for a significant (P≤0.05) effect.  
 
6.3.3.2.2 Seed germination 
There was a significant (P≤0.05) effect of diquat on the germination of seed from both 
primary and secondary umbels. Mean germination of the seeds from the control treatments 
were low, being 60% (±1.9) for seeds from the primary umbels and 33% (±2.8) for seeds from 
secondary umbels (Figure 6.10). The lower germination from secondary umbel seeds was 
associated with slightly more abnormal seedlings (28% ±1.9 cf 22% ±1.3) and considerably 
more dead seeds (39% ±2.7 cf 17% ±2.5) than for primary umbel seeds (Figure 6.10).  
For seeds from the primary umbel, the lowest two diquat rates (0.2 and 0.4 L a.i./ha) 
significantly (P≤0.05) increased germination (by 8% and 6%, respectively) compared to the 
control, whereas, for seeds from the secondary umbel, only the lowest application rate (0.2 L 
a.i./ha) significantly (P≤0.05) increased germination (by 11%), mainly because of a 
significant (P≤0.05) reduction in abnormal seedlings (Figure 6.10). Although the applications 
at 0.6 L a.i./ha to the primary umbel and 0.4 or 0.6 L a.i./ha to the secondary umbel 
significantly (P≤0.05) reduced numbers of abnormal seedlings, germination was not improved 
Primary umbels Secondary umbels
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by these treatments because of a significant (P≤0.05) increase in the numbers of dead seeds 
(Figure 6.10). 
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Figure 6.10  Effects of diquat at three active ingredient application rates, when applied to 
primary and secondary carrot umbels, on germination of carrot seeds, Farm 1, 
2008. Statistical analysis of each parameter of primary or secondary umbel was 
done separately. Presence of bars indicates Fisher’s protected LSD values for a 
significant (P≤0.05) effect. 
 
 
6.3.3.3  Second field experiment (2009) 
6.3.3.3.1 Seed infection 
There was a significant (P≤0.001) effect of diquat on seed infection from both primary and 
secondary umbels at both farms. Seeds of primary and secondary umbels from Farm 2 carried 
more A. radicina (33% (±1.5) and 49% (±1.4), respectively) than those from Farm 3 (18% 
(±1.2) and 26% (±1.0), respectively) (Figure 6.11). All the diquat treatments significantly 
(P≤0.05) reduced infection compared to control seeds from both umbel types at both farms, 
the exception being at Farm 3 where infection of the primary umbel seeds at the lowest rate 
did not differ (P>0.05) from that of the control (Figure 6.11).  
Primary umbels Secondary umbels
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Figure 6.11  Effect of diquat at three active ingredient application rates, when applied to 
primary and secondary carrot umbels, on percentage of seeds with Alternaria 
radicina infection, Farms 2 and 3, in 2009. Statistical analysis of seeds from 
primary and secondary umbel of each farm was done separately. Presence of 
bars indicates Fisher’s protected LSD values for a significant (P≤0.05) effect. 
 
6.3.3.3.2 Seed germination 
There was a significant (P≤0.05) effect of diquat on the germination of seed of both the 
umbels from both farms, except for normal seedlings of seed from primary umbels at Farm 3 
(P=0.12). Germination of seeds from the control (for both primary and secondary umbels) 
was higher for Farm 2 (80% (±1.5) and 64% (±3.0), respectively; Figure 6.12) than Farm 3 
(75% (±1.6) and 55% (±1.7), respectively; Figure 6.13). For seeds from the primary umbel at 
Farm 2, germination was slightly increased (P≤0.05) by the lowest two diquat rates (0.2 & 0.4 
L a.i./ha) (Figure 6.12). The intermediate rate (0.4 L a.i./ha) of diquat provided a small 
increase (by 6.5%; P≤0.05) in germination of seeds from the secondary umbel at Farm 2 
(Figure 6.12), whereas at Farm 3 the lowest rate (0.2 L a.i./ha) provided a 4% increase 
(P≤0.05) in germination as compared to the control (Figure 6.13). All three application rates 
at both the farms significantly (P≤0.05) reduced numbers of abnormal seedlings that 
developed from seeds of both umbels, except for the lowest rate (0.2 L a.i./ha) in seeds from 
the secondary umbel at Farm 2 (Figure 6.12) and primary umbels at Farm 3 (Figure 6.13). At 
both farms, germination of seeds from both primary and secondary umbels was reduced by 
the highest rate (0.6 L a.i./ha) because of a significant (P≤0.05) increase in the number of 
dead seeds (Figures 6.12 & 6.13). 
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Figure 6.12  Effects of diquat at three active ingredient application rates, when applied to 
primary and secondary carrot umbels, on germination of carrot seeds, Farm 2, 
2009. Statistical analysis of each parameter of primary or secondary umbel was 
done separately. Presence of bars indicates Fisher’s protected LSD values for a 
significant (P≤0.05) effect.  
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Figure 6.13  Effects of diquat at three active ingredient application rates, when applied to 
primary and secondary carrot umbels, on germination of carrot seeds, Farm 3, 
2009. Statistical analysis of each parameter of primary or secondary umbel was 
done separately. Presence of bars indicates Fisher’s protected LSD values for a 
significant (P≤0.05) effect. However, absence of an LSD bar for normal 
seedlings of primary umbels indicates no significant (P>0.05) effect.  
 
6.3.4 Discussion 
6.3.4.1 Laboratory trial 
The laboratory trial demonstrated that diquat has fungicidal properties, because both the 
mycelial growth (EC50=26.95 µg a.i./mL) and conidial germination (EC50=183.20 µg a.i./mL) 
of A. radicina were reduced as diquat concentrations in the media increased (Table 6.3). This 
is the first report of diquat activity against A. radicina, although activity against other fungi 
has been reported. For example, Abdel-Mallek and El-Shanawany (1994) investigated the 
effects of diquat within a sucrose agar medium on the mycelial growth and sclerotium 
formation of Sclerotium cepivorum. The three concentrations used (10, 50 and 100 g a.i./mL) 
reduced mycelial growth by 87, 100 and 100%, respectively and had prevented sclerotial 
formation after 14 days of incubation. In another study, Wallnofer (1968) also reported the 
fungicidal activity of diquat and demonstrated its mode of action against microbes (see 
Section 2.3.9.3.5). 
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6.3.4.2 Seed infection 
In all three field trials, diquat significantly (P≤0.05) reduced the incidence of seed-borne A. 
radicina in seeds from both primary and secondary umbels, with the degree of control 
increasing as the diquat application rate increased. These results corroborate the laboratory 
results (Section 6.3.3.1). However, it is not known whether the diquat was acting against 
externally borne inoculum or whether internally borne inoculum was also reduced. Since 
diquat can be translocated into seeds (Brian, 1966) it is possible that both may have occurred.  
Effects on other fungal pathogens following diquat application to crops have been reported. 
Ivaniuk & Brukish (1999) found that diquat application to potato fields in Russia significantly 
reduced infection by Phytophthora infestans and Rhizoctonia solani. In another study, Jordan 
and Allen (1984) found that applying a mixture of two herbicides (700 mL/ha of diquat and 
875 mL/ha of paraquat) to barley, heavily reduced sporulation of Pyrenophora teres on straw 
three weeks after application, and also killed vounteer plants that might be a potential site for 
reinfection by this fungal pathogen.  
Sivasithamparam and Bolland (1985) conducted an experiment in Western Australia in two 
fields, where wheat was growing in rotation with pasture, to investigate the effects of 
herbicides on the inoculum levels of the soil-borne fungus Gaeumannomyces graminis var. 
tritici. They applied a mixture of 3 L/ha of Spray Seed (7.5% diquat + 12.5% paraquat) and 
0.5 L/ha of dicamba in February 1979, and three months later the crop was again sprayed with 
an intermediate rate (2 L/ha) of Spray Seed; they reported a reduced level of inoculum. Two 
years later, Mekwatanakarn and Sivasithamparam (1987) investigated the effects of Spray 
Seed on straw colonisation by G. graminis var. tritici, after placing 4 mm sterilised straw on 
PDA amended with 100 ppm of Sprayseed and control plates without herbicide for 3 weeks. 
After the incubation, colonised straw was placed on PDA plates to measure the mycelial 
growth; they found a 52.6% reduction of mycelial growth in the Sprayseed treatment 
compared to the control. Since, A. radicina saprophytically colonizes tissues diquat may have 
the same kind of effect on A. radicina in carrots. 
6.3.4.3 Seed germination 
While the effects of diquat on germination of harvested seeds differed for the different umbel 
positions at the different farms, some common trends were observed. In most cases, the 
germination was increased by the lowest two rates (0.2 and 0.4 L a.i./ha), because there were 
significantly (P≤0.05) fewer abnormal seedlings and no increase (P>0.05) in the number of 
dead seeds. The reduction in numbers of abnormal seedlings was explained by the control of 
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A. radicina obtained, as the seedling abnormalities are mostly due to the lesions caused by the 
pathogen.  
There was a clear indication in both years that the highest diquat application rate (0.6 L 
a.i./ha) should not be used for carrot seed production. Mikheev et al. (2007) considered that 
diquat at 0.5 L a.i./ha was an optimum rate for carrot seed production, reporting an increase in 
germination by 8% and yield by 24%. They considered Diquat applied at 0.6 L a.i./ha was too 
high, as seeds dried very quickly and were easily detached from the umbel following wind or 
rain. However, they did not refer to any effects of 0.6 L a.i./ha rate on germination, or the 
reason for improved germination at 0.5 L a.i./ha.  
Austen and Longden (1968) demonstrated that in red beet, diquat application could either be 
toxic to the embryo or/and prematurely arrest embryo growth. Miller (2002) reported that 
diquat at 1.12 kg/ha significantly reduced germination of spinach and coriander, but at a lower 
rate (0.56 kg/ha) there was no adverse effect. In the present trial, there was a similar negative 
response to increasing application rate. This may be because not all umbels were all at the 
same stage of seed development. Neither Montanari and Lovato (1981) or Mikheev et al. 
(2007) reported carrot seed germination loss following diquat application at 0.6 and 0.5 L 
a.i./ha, respectively. Their results therefore contrast with those reported in this study. 
Application time cannot explain the differing germination results. However one possible 
difference between the present work and that reported above from Europe is the presence of 
Alternaria. Fungal damage to carrot seed coats may have allowed direct diquat access to the 
embryo, or, the use of a surfactant in this study may have helped the product to enter the seed 
coat and reach the seed embryo, causing death. But whether this did occur is unknown. The 
Reglone label instructs the use of a non-ionic spreader which may not increase the penetration 
of diquat into the seed coat like a more aggressive organosilicone surfactant. The latter does 
provide better coverage at lower water rate. 
In 2008, the intermediate diquat rate (0.4 L a.i./ha) also significantly (P≤0.05) increased the 
number of dead seeds from the secondary umbel. It is possible in that trial the seeds from the 
secondary umbel were not mature enough to tolerate the 0.4 L a.i./ha rate because 1: the more 
mature seeds from the primary umbels were not affected; and 2: the same application rate 
improved germination of seeds from the secondary umbel at Farm 2 in 2009. This suggests 
that an application rate of 0.4 L a.i./ha is not detrimental to carrot seed crops provided it is not 
applied too early. What “too early” means in terms of carrot seed development is yet to be 
determined. Carrot is one of the few crops where the seed’s embryo matures later than the 
endosperm. Therefore the application time of diquat could affect normal seed growth, 
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particularly as desiccation by diquat may stop the translocation of nutrient to seeds (Gubbels 
& Kenaschuk, 1981). 
Brian (1966) suggested that conditions unfavourable for upward movement of water in plants 
(i.e. high humidity and low soil moisture content) could increase translocation of diquat. In 
the present study, soil moisture data were not available but the atmospheric humidity and 
temperature data (Appendix C) show that higher humidity and lower temperature were 
recorded in 2008 compared to 2009. This indicates conditions for diquat translocation were 
possibly more favourable in 2008 than in 2009 and may provide another reason why 0.4 L 
a.i./ha was more lethal to seeds from secondary umbels in the 2008 season. 
In 2009, the numbers of abnormal seedlings from seeds of the secondary umbels at Farm 2 
were not reduced by the lowest application rate (0.2 L a.i./ha). This may be because of the 
higher disease pressure (49% in seeds from secondary umbel) at this site which meant the 
same degree of control could not be offered when compared to the results from Farm 3.  
During seed development, seeds undergo a natural transition from desiccation intolerant to 
desiccation tolerant (Kermode et al., 1986). Diquat application before seeds achieve 
desiccation tolerance is known to reduce germination (Gubbels & Kenaschuk, 1981; Rahman 
et al., 2004), but the seed moisture content at which carrot seed reaches desiccation tolerance 
is not known and will need to be determined. When using a desiccant, care must be taken to 
ensure that seeds are dry enough to prevent the rupture of cells and subsequent release of 
destructive hydrolytic enzymes (Bewley & Black, 1994) resulting in germination loss. 
Another unknown is how carrot hybrids may react to diquat application. Rahman et al. (2004) 
found that one soyabean cultivar was not adversely affected by the time of diquat application, 
whereas the germination of another cultivar was reduced when diquat was applied at >30% 
seed moisture content. This will also require investigation for carrot hybrids.  
The current study showed that the primary umbels always produced significantly healthier 
seeds with higher germination than did secondary umbels. This result concurs with previous 
reports which showed that carrot seed quality parameters such as seed size, vigour and 
germination decreased with decreasing umbel orders (Krarup & Villanueva, 1977; Merfield, 
2006; Pereira et al., 2008).  
This preliminary work was primarily focused on control of seed-borne A. radicina. Therefore, 
it was not possible to investigate the effects of diquat at application rates between 0.4 and 0.6 
L a.i./ha, on different carrot hybrids, at different growth stages, or on seed yield. Past research 
has suggested that these factors may directly or indirectly influence the diquat efficacy. 
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Mikheev et al. (2007) considered application of 2.5 L/ha of Diquat at 6 days prior to carrot 
seed harvesting as an optimum rate and time to increase germination and yield. Future 
research should test diquat application at different seed maturity stages followed by 
harvesting at different times after application, because application timing may be a factor in 
improving the effects of the treatment tested and only after such research can 
recommendations be made about the use of diquat for carrot seed production.  
Future work could also investigate the effects of diquat in conjunction with a fungicide, as did 
Harding and Wicks (2004). When conducting field trials in South Australia, they found that 
diquat alone did not reduce the incidence or severity of black dot (Colletotrichum coccodes) 
in potatoes, but when it was applied one week before the application of the fungicide 
Amistar® (azoxystrobin), the reduction in both incidence and severity of the disease was 
greater than that provided by the use of fungicide alone. 
6.4 Conclusions 
This investigation into the use of fungicides and biological control agents for control of seed-
borne A. radicina has demonstrated that the current use of iprodione at 0.5 L a.i./ha applied to 
protect the umbels was not as effective as other products evaluated in this study. Two 
applications of U. oudemansii @ 2 × 1011 CFUs/ha or one application of difenoconazole @ 
0.125 L/ha at two and/or one week(s) before swathing showed the most promise for control of 
seed-borne infection, and thereby an improved seed germination. Further work is required, 
because no treatment eliminated the pathogen and only seeds from primary umbels were 
tested. However these results indicate the potential for use of the biological control product, 
which is Bio-Gro New Zealand certified, and so could be used in both organic and 
conventional production systems. However, like any product for disease control, it must be 
registered for use in carrot in New Zealand, and this is yet to be done. 
The investigation into fungicidal effects of diquat demonstrated that it also has fungicidal 
activity against the seed-borne carrot pathogen A. radicina, and that the control offered is 
related to the application rate. However in the field, the most effective rate (0.6 L a.i./ha) 
reduced germination because it killed seeds, whereas, the 0.4 L a.i./ha application rate effect 
on germination appeared to be marginal and only had a moderate effect on seed-borne 
infection. Further work on diquat application rate, timing and probably parent lines 
susceptibility will be required before any recommendation could be made to growers for the 
use of diquat to control A. radicina in carrot seed crops. 
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     Chapter 7 
General Discussion 
7.1 Introduction 
This chapter brings together the important findings from this research programme and 
provides recommendations for disease control strategies for both conventional and organic 
carrot seed production. As a full discussion has already been included in each of the previous 
research chapters, this chapter presents a summary of the outcomes and suggestions for 
further research.  
Following initial extensive discussion with Midlands Seed Ltd and a review of the 
information known about the pathogen, four major objectives were identified for investigation 
in this research: 
• To develop a soil testing method to identify A. radicina infested soils. 
• To improve understanding of A. radicina disease development in carrot seed crops 
in Mid–Canterbury.  
• To investigate control methods applied prior to seed sowing or during vegetative 
growth for preventing A. radicina infection of carrot plants. 
• To investigate control methods applied near to seed maturity for preventing A. 
radicina infection of the carrot umbels. 
These objectives were subsequently approved by the New Zealand Foundation for Research 
Science and Technology who funded the programme. 
Soil-borne inoculum plays an important role in the disease cycle of A. radicina. This pathogen 
survives in soil as conidia which can remain viable for many years, even in the absence of 
plant debris (Section 4.3). In Mid-Canterbury, a survey of 15 carrot fields during the growing 
season showed a range of 33-233 A. radicina CFUs/g soil, and carrots in all the fields were 
later found to be infected with black root rot (Section 4.2). Avoiding growing carrots in 
infected fields would be one strategy for reducing the effects of the disease, but it is not 
known whether inoculum free fields exist in Mid-Canterbury after over 20 years of carrot 
seed production in the region. This can only be determined through testing field soil samples.   
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Out of three methods assessed for this purpose (Section 3.1), soil dilution plating on a 
selective agar medium was the only method which can be currently recommended for 
commercial use as it was able to accurately quantify soil-borne inoculum. Another potential 
method, a quantitative realtime PCR assay which was quicker and also selective and sensitive, 
but had some inherent problems, such as: (a) the presence of primer dimers and co-
purification of PCR inhibitors from soil, and (b) its inability to distinguish between viable and 
non-viable inoculum, and (c) an inability to distinguish between A. radicina and the closely 
related and newly discovered pathogen A. carotiincultae. While all these problems are minor 
and could be resolved with further testing and refinements, the method cannot yet be 
recommended for commercial use. In the long run, the choice of method may well be based 
on the price per test. 
If avoiding infected fields is not feasible, then the next option would be selection of a field 
based on the time since the last carrot crop was grown and the type of crops which followed 
in the rotation (Section 5.3). This research has shown that soil-borne inoculum was not 
detected in fields in which carrot had last been grown atleast 6 years previously. While 
rotation may not eliminate soil-borne inoculum, levels could be reduced by the choice of crop 
grown after carrot; wheat, barley and faba bean all showed the potential to reduce survival of 
soil-borne inoculum (Section 5.3). Common practice is to use a long (up to 8 years) rotation 
of non-host crops after carrot, although faba bean has not always been a component of this 
rotation (J. Townshend, personal communication, 2006). In summary, if carrots are only 
grown in fields with low levels of soil-borne inoculum, or where inoculum levels have been 
reduced via crop rotation with recommended crop species, the new crop should be healthy or 
have only low levels of infection. However, current practices have not provided disease-free 
crops. Where therefore is this inoculum coming from?  
Infected seed is an obvious inoculum source, but the current industry practice is to use parent 
lines for which the seeds have been hot water treated before being sent to New Zealand (J. 
Townshend, personal communication, 2006). Seeds should therefore not be a major source of 
inoculum. In Mid-Canterbury, alternative hosts do not appear to play an important role in the 
life cycle of the pathogen (Section 4.4). Apart from fumitory, alternative hosts reported from 
other countries are either not grown or were not found in Mid-Canterbury. The major source 
of inoculum is the carrot crops in nearby fields that provide a green bridge for the pathogen to 
move to a newly established crop. This green bridge between overlapping seasons lasts for 
about two months, although it may be even longer if the remaining crop debris is not removed 
after harvest. During this period, inoculum is dispersed from the current carrot crop to a 
 218 
newly emerged neighbouring crop (Section 4.5). The only way to avoid this problem would 
be to grow carrots seed crops every second year only on any one farm. However in practice, 
carrots are grown on the same farm in consecutive seasons, and thus this green bridge cannot 
be avoided. There are some precautions which may help in minimising the dispersal of 
inoculum. For example, from this study (Section 4.4) it was shown that disturbance of the 
crop at swathing or seed harvest maximises the amount of wind-borne inoculum to move out 
from the field in the direction of the prevailing wind. If farmers could avoid growing new 
crops in fields down-wind of the existing carrot crop, this may reduce infection by the wind 
dispersed inoculum. If this is not practical, then the choice of day or time of 
cutting/harvesting may provide another solution. The best time for cutting would be either 
early morning or evening and for harvesting late afternoon, as with higher atmospheric 
humidity and lower wind velocity, the possibility of wind dispersal would be reduced. After 
seed harvesting, the infected crop debris should be destroyed as soon as possible, because it 
can still provide a source of inoculum to neighbouring crops (Section 4.5) and also a substrate 
on which the pathogen survives in the soil leading to increased longevity and population 
density (Section 4.3). Finally, the newly established nearby crop could be sprayed with a 
suitable effective protectant fungicide prior to the swathing and harvesting of the old crop. 
The disease susceptibility screening trials conducted in the Midlands Seed Ltd nursery plots 
showed that some parent lines were more resistant than others to A. radicina foliar or root 
infection (Section 5.3). Theoretically these resistant parent lines should be used to grow carrot 
seed, because as a result of their resistance/tolerance to the pathogen, the reduced disease 
levels would allow a reduced number of fungicide applications. However, the local seed 
companies are in the business of producing hybrid carrot seeds as per overseas customers’ 
requirements and have little choice in the parent lines used. Disease susceptibility/tolerance is 
therefore unlikely to provide a solution for A. radicina infection of hybrid carrot seed crops in 
New Zealand.  
At sowing, soil-borne inoculum can reduce seedling emergence and increase black root rot 
incidence and severity (Section 4.2). If it is impractical to find a field with no soil-borne 
inoculum, then a pre-sowing soil treatment with a fungicide, fumigant or biological control 
agent may be an option. The present research (Section 5.4) showed that the pre-sowing 
incorporation of the fungicides difenoconazole, difenoconazole+chlorothalonil, iprodione or 
pyraclostrobin, the fumigant formaldehyde or the biological control agent Trichoderma 
atroviride improved seedling emergence by reducing soil-borne inoculum. While the 
chemicals gave a steep reduction in inoculum at 4 weeks after application, the inoculum 
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started building-up again indicating only temporary inhibition of the pathogen. However, an 
interesting outcome was from the biological control product T. atroviride which was not 
effective at 4 weeks but later provided a steady reduction of inoculum for up to 32 weeks. 
Whether this reduction would continue after that time period needs to be determined.  
Inoculum for infection of seed comes from the diseased carrot foliage and the inoculum for 
foliage infection may either come from the soil or through wind dispersal from a 
neighbouring infected carrot seed field (Section 4.5). Destruction of infected plant foliage in 
early winter may help in breaking the disease cycle. The options investigated were chemical 
(Section 5.4) and non-chemical methods (Section 5.2). A single fungicide spray of 
pyraclostrobin, pyraclostrobin+boscalid or difenoconazole in autumn initially reduced foliage 
infection, but re-infection in spring meant that there were no lasting effects. The fungicides 
also provided no control of root disease. Conversely, post-sowing soil incorporation (by 
drenching) of the fungicides pyraclostrobin, difenoconazole and difenoconazole + 
chlorothalonil, and the biological control agents T. atroviride and T. harzianum, in autumn 
significantly reduced black root rot disease (Section 5.4). Killing the pathogen (and infected 
carrot leaf tissue) by steaming applied at tractor speeds of 2.3 or 2.7 km/h in early winter did 
reduce foliar disease levels for 2-3 months, and caused a marginal reduction in root infection. 
However, as with the autumn fungicide application, by October foliar infection levels were no 
different from the control. Steaming provided better disease control than flaming and would 
be a more practical and acceptable practice for carrot seed growers (Section 5.2). Steaming 
had no long term adverse effect on growth of carrot plants which regrew to their normal size 
in 2-3 months and had produced the same total dry matter as non-treated plants by December. 
The cost involved in steaming may be an issue for conventional seed production. However, 
the practice is more suitable to organic carrot seed production, where steaming is a method 
used for weed control (Merfield, 2006; Ascard, 2007). The resulting reduction in A. radicina 
(and other foliar pathogens such as A. dauci and C. carotae) could be seen as an additional 
benefit. 
All these autumn/winter treatments were subsequently followed by the company’s current 
fungicide spray programme. These sprays were ineffective in controlling the disease in spring 
and summer, when the environmental conditions suit rapid disease development. Further 
research is required to determine effective control methods for A. radicina during spring and 
summer. 
The fungicides pyraclostrobin and pyraclostrobin+boscalid did provide effective control of A. 
radicina, but cannot be used because they are not currently registered for carrot in New 
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Zealand. Overseas these products are commonly recommended and used in the carrot crop to 
control Alternaria diseases (Farrar et al., 2004; Langston, 2005; Robak & Adamicki, 2007). 
New Zealand registration of these fungicides will provide growers with some help in 
controlling the disease.  
In Mid-Canterbury, plants are usually irrigated during summer via overhead irrigation. An 
irrigation trial (Section 5.3) showed that drip irrigated plants had significantly less foliar and 
root disease which later helped them to produce slightly higher quality seed as compared to 
overhead irrigated plants. However, the major issue with the acceptability of drip irrigation is 
that most growers already have their own overhead irrigation system, and to install a new drip 
system in the field would involve a very high cost.  
During the flowering and carrot seed maturity stages large amounts of wind-borne A. radicina 
inoculum usually disperse near the umbel level within a crop (Section 4.5). During flowering, 
honey bees are introduced into the fields for pollination for two months. The present research 
(Section 3.6) showed that bees can carry A. radicina on their bodies, but whether they actually 
disperse the inoculum and therefore increase spread of the disease is not known. Previous 
researchers (Yu and Sutton, 1997; Bilu et al., 2004; Dedej et al., 2004) have suggested that 
honey bees have the potential to be used as a vector of biological control organisms to control 
floral infection in other crops. Whether this is possible in the carrot seed crop needs 
investigation. 
To prevent umbel infection by A. radicina, the current practice in Mid-Canterbury is to apply 
iprodione @ 0.5 L a.i./ha, but this was not as effective as at least two other products applied 
to umbels in this study (Section 6.2). An application of the fungicide difenoconazole @ 0.125 
L a.i./ha, at two and/or one week(s) before swathing showed the most promise for control of 
seed-borne infection, thereby improving germination (Section 6.2). However, a surprising 
result from this trial was the promising control offered by two applications of the biological 
control agent Ulocladium oudemansii @ 2 × 1011 CFUs/ha. This product is Bio-Gro New 
Zealand certified (i.e. approved for use in organic production), and so could be used in both 
conventional and organic production systems. This is the first report of U. oudemansii 
reducing infection by A. radicina in carrot seed, although Köhl et al. (2004) previously 
showed some control of A. radicina by using U. atrum. Although, these treatments 
significantly reduced seed-borne infection, none of them completely eliminated the pathogen 
from seed. By reducing seed-borne inoculum abnormal seedlings production was reduced, 
which allowed a germination of >80%. However no treatment resulted in seed which was able 
to meet the standard germination requirement of >85%, which was most likely due to the fact 
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that seed samples were hand dressed and not commercially dressed. The latter would have 
removed lighter and immature seeds. Previous reports have suggested that U. oudemansii can 
coexist and retain efficacy with fungicides (Monchiero et al., 2005; Botry-Zen Ltd, 2008) or 
other biological control organisms (Hoyte et al., 2007). Therefore a mixture of products could 
provide better disease control than U. oudemansii applied alone, and this requires 
investigation. 
In Mid-Canterbury, carrot plants are usually cut at seed maturity and left in the swath for the 
seeds to naturally desiccate before being harvested. However another option is to use a 
desiccant such as diquat. Diquat has fungicidal properties and was able to reduce seed-borne 
A. radicina infection (Section 6.3). This is the first report of a fungicidal effect of diquat 
against A. radicina. However, although diquat reduced seed infection, the two lower 
application rates; 0.2 & 0.4 L a.i./ha, only marginally increased germination and the highest 
rate, 0.6 L a.i./ha, decreased germination because it killed some seeds. Thus, a final 
conclusion is that the use of diquat to control A. radicina cannot be recommended at this time. 
Further studies are required to determine the optimum application rate and timing to avoid 
phytotoxicity. 
Some carrot seeds produced in New Zealand were found in this study to be infected with a 
fungus, A. carotiincultae which is new to New Zealand (Section 3.7). This fungus was shown 
to be pathogenic, and it produces the same symptoms on the carrot foliage and roots as A. 
radicina (Section 3.7). This suggests that some proportion of the Alternaria infection in carrot 
fields may be caused by this fungus, but because of the similarity of symptoms caused by the 
two species this has previously been attributed to A. radicina. This fungus was most probably 
introduced into New Zealand via imported seed, as health testing of non-treated seed lots 
imported from France showed that some carried the pathogen (Section 3.8). Generally 
imported carrot seeds have been treated before arrival in New Zealand, but whether these 
treatments are effective enough to completely eliminate this pathogen is something which 
needs to be investigated. This is the first report of A. carotiincultae on carrot seed produced in 
or imported into New Zealand. Very little information is available about the epidemiology of 
A. carotiincultae. Most likely it will differ little from that of A. radicina, but it is a different 
species and will need a thorough investigation to determine if it could become a threat to the 
New Zealand seed industry. 
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7.2 Strategies for controlling Alternaria radicina in conventional 
and organic carrot seed production 
From the results presented in this thesis it is very clear that no individual method was able to 
give 100% control of the pathogen. Therefore a series of control methods and precautions 
should be followed from the time when the field is selected for growing a carrot seed crop 
until the seed harvest. Some of these recommendations may not be acceptable/possible in 
Mid-Canterbury conditions, and this is noted where applicable.  
• As seed is a primary source of A. radicina and A. carotiincultae, only disease-free 
seed (hot water or fungicide treated) should be used for growing carrot. Hot water 
treatment can kill the pathogen, but can also reduce germination. Whether the 
fungicides registered for use as seed treatments can provide disease-free seed is not 
known.  
• The fields selected for growing carrot seed crops should be free of soil-borne A. 
radicina inoculum or have low levels of soil-borne inoculum. Inoculum levels can be 
confirmed by soil testing. Selecting a field that has not grown carrot or any other host 
crop for the past 6 years is also likely to provide an inoculum-free soil. 
• Use of wheat, barley and faba bean in the crop rotation after a carrot seed crop can 
help to reduce the levels of A. radicina soil-borne inoculum. 
• Use of resistant parent lines to grow carrot seed crops may reduce the amount of 
disease, but the choice of parent lines is not made in New Zealand.  
• Pre- and post- sowing soil incorporation of fungicides and biological control products 
may be able to reduce A. radicina soil-borne inoculum infection of the carrot plant.  
• A new carrot seed crop should not be established in a field which is downwind of the 
previous season’s overlapping crop to reduce the possibility of disease spread through 
the green bridge effect. This may not always be possible. 
• In autumn a single application of difenoconazole could help to delay the pathogen 
build-up.  
• Removal of the pathogen in diseased carrot plant tissue by steaming in early winter at 
a 2.3 or 2.7 km/h tractor speed could be useful for delaying the disease build-up, and 
the weed control provided would be an additional benefit to the grower. At present 
there is only one commercial steamer available in Mid-Canterbury. 
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• Carrot plants should be watered through a drip irrigation system rather than by 
overhead irrigation to slow the spread of the pathogen within the crop and reduce seed 
infection. However, most farms already use overhead watering irrigation systems and 
it would be expensive to change to drip irrigation. 
• A single application of difenconazole a week before swathing or two application of U. 
oudemansii at 1 and 2 weeks before swathing could be useful in improving carrot seed 
quality by reducing A. radicina infection. Whether it would be possible to completely 
eliminate the pathogen from seed using these products is still to be determined. 
• Crop cutting should be done in early morning or late evening and harvesting in the late 
afternoon to reduce the extent of inoculum dispersal via wind. 
• After seed harvest, crop residues should be removed as soon as possible to reduce 
conidium dispersal and the survival of A. radicina. Burning would be the most 
effective option, but may not be allowed for environmental pollution reasons in some 
areas. 
7.3 Recommendations for future research 
• One of the problems encountered during the field trials conducted in this programme 
was that they were always located within commercial carrot seed crops. This was 
efficient for crop management purposes, but the failure of the commercial fungicide 
programme used to control the pathogen in these crops meant that an inoculum source 
was always readily available to re-infect trial plots. Thus the plots which received the 
autumn applied fungicides and the steaming treatments, both of which provided some 
initial control of the pathogen, were re-infected from the surrounding commercial 
crop, and by late spring/early summer, the effects of the treatments had disappeared. 
What is not known, therefore, is whether these treatments would have been able to 
continue to provide control in the spring in the absence of this surrounding inoculum, 
and this will need to be determined. 
• As already noted, the fungicide regime currently used is unable to provide effective 
control of A. radicina in commercial carrot seed crops in Mid-Canterbury. There may 
be one or more products that can provide better control than those currently used, but 
this was not fully investigated during this study and will require further investigation. 
However, there is an inherent danger in relying on the heavy use of fungicides for 
disease control for two reasons, 1: the future availability of suitable products, and 2: 
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the possibility of pathogen resistance to one or more fungicides, with site-specific 
modes of action. 
• Biological control agents are not readily included in conventional agriculture, but this 
work has suggested two interesting possibilities. The first is the use of T. atroviride 
LC52 for control of soil-borne A. radicina inoculum. A detailed investigation of the 
potential for Trichoderma to control soil-borne A. radicina would be well worthwhile, 
particularly as finding pathogen-free soils in Mid-Canterbury becomes more difficult. 
The second is the discovery that U. oudemansii, when sprayed onto the carrot umbel, 
was able to significantly reduce the incidence of seed-borne A. radicina. This was an 
unexpected result but the fact that the control offered equalled or exceeded that 
offered by the best of the fungicides offers pause for thought, and indicates that the 
use of this product (and/or other formulations) merits further investigation. Whether 
applications of a biological control product could offer control of foliar infection 
should also be determined. 
• During this study a new to New Zealand carrot pathogen, A. carotiincultae was 
discovered. Its importance is unknown in New Zealand and needs to be determined. 
However, it may be a difficult task as its symptoms on carrot foliage and root caused 
by this species are indistinguishable from those of A. radicina. 
• The use of the realtime PCR assay to determine A. radicina soil-borne inoculum levels 
still requires some refinement. Whether this work proceeds will depend on 
commercial demand. 
• Honey bees can carry A. radicina conidia, but their role as a vector is yet to be 
determined. Also if one or more biological control agents capable of 
reducing/preventing A. radicina attack can be found, the potential for honey bees to be 
used to distribute the agent(s) is worthy of investigation. 
• Finally the studies conducted in this programme investigated the effects of individual 
control methods. Future work should concentrate on the effects of a combination of 
two or more methods for control of this important pathogen of carrot. 
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DNA sequences submitted to GenBank 
(http://www.ncbi.nlm.nih.gov) from this thesis 
Fungus name Origin  Accession number 
Alternaria radicina  Honey bee body  FJ958190 
Alternaria radicina  Carrot seed HQ631072 
Alternaria carotiincultae Decayed seeds HM208752 
Alternaria carotiincultae Abnormal seedlings HM208753 
Alternaria carotiincultae Abnormal seedlings HM208754 
 
FJ958190 Alternaria radicina strain HB1 18S ribosomal RNA gene, partial sequence; 
internal transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed spacer 
2, complete sequence; and 28S ribosomal RNA gene, partial sequence 
 
ORIGIN  
 1 ggaagtaaaa gtcgtaacaa ggtctccgta ggtgaacctg cggagggatc attacacaat 
 61 atgaaggcgg gctggaatct ttcggggtta cagccttgct gaattattca cccgtgtctt 
 121 ttgcgtactt cttgtttcct tggtgggctc gcccaccaca aggacaaacc ataaaccttt 
 181 tgtaattgca atcagcgtca gtaaacaaac gtaataatta caactttcaa caacggatct 
 241 cttggttctg gcatcgatga agaacgcagc gaaatgcgat aagtagtgtg aattgcagaa 
 301 ttcagtgaat catcgaatct ttgaacgcac attgcgccct ttggtattcc aaagggcatg 
 361 cctgttcgag cgtcatttgt accctcaagc tttgcttggt gttgggcgtc ttgtctccag 
 421 tttgctggag actcgcctta aagtaattgg cagccggcct actggtttcg gagcgcagca 
 481 caagtcgcgc tctcttccag ccaaggtcag catccacaaa gcctcttttt ttaacttttg 
 541 acctcggatc aggtagggat acccgctgaa cttaagcata tcaataagcg cggagga 
// 
 
HM208752 Alternaria carotiincultae isolate AC8 beta-tubulin (btub1) gene, partial cds 
 
ORIGIN  
 1 ctccacttct tcatggtcgg attcgccccc cttaccagcc gcggtgccca ctccttccgt 
 61 gccgtcaccg ttcccgagct cacccaacag atgttcgacc ccaagaacat gatggctgct 
 121 tccgacttcc gcaacggtcg ctacctgacc tgctctgcct acttccgtgg taaggtctcc 
 181 atgaaggagg tcgaggacca gatgcgcaac gtccagaaca agaactcctc atactttgtt 
 241 gagtggattc ccaacaacgt ccagaccgcc ctctgctcca tccctccccg cggcctaaag 
 301 atgtcctcca ccttcgtcgg taactccacc tctatccagg agctgttcaa gcgtgtcggt 
 361 gaccagttca ctgccatgtt caggcgcaag gctttcttgc attggtacac tggtgagggt 
// 
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HM208753 Alternaria carotiincultae isolate AC9 beta-tubulin (btub1) gene, partial cds 
 
ORIGIN  
 1 ctccacttct tcatggtcgg attcgccccc cttaccagcc gcggtgccca ctccttccgt 
 61 gccgtcaccg ttcccgagct cacccaacag atgttcgacc ccaagaacat gatggctgct 
 121 tccgacttcc gcaacggtcg ctacctgacc tgctctgcct acttccgtgg taaggtctcc 
 181 atgaaggagg tcgaggacca gatgcgcaac gtccagaaca agaactcctc atactttgtt 
 241 gagtggattc ccaacaacgt ccagaccgcc ctctgctcca tccctccccg cggcctaaag 
 301 atgtcctcca ccttcgtcgg taactccacc tctatccagg agctgttcaa gcgtgtcggt 
 361 gaccagttca ctgccatgtt caggcgcaag gctttcttgc attggtacac tggtgagggt 
//  
 
HM208754 Alternaria carotiincultae isolate AC46 beta-tubulin (btub1) gene, partial cds 
 
ORIGIN  
 1 ctccacttct tcatggtcgg attcgccccc cttaccagcc gcggtgccca ctccttccgt 
 61 gccgtcaccg ttcccgagct cacccaacag atgttcgacc ccaagaacat gatggctgct 
 121 tccgacttcc gcaacggtcg ctacctgacc tgctctgcct acttccgtgg taaggtctcc 
 181 atgaaggagg tcgaggacca gatgcgcaac gtccagaaca agaactcctc atactttgtt 
 241 gagtggattc ccaacaacgt ccagaccgcc ctctgctcca tccctccccg cggcctaaag 
 301 atgtcctcca ccttcgtcgg taactccacc tctatccagg agctgttcaa gcgtgtcggt 
 361 gaccagttca ctgccatgtt caggcgcaag gctttcttgc attggtacac tggtgagggt 
// 
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     Appendix A 
Commonly used methods 
A.1 Soil dilution method 
Sub samples of soil were air dried in paper bags at room temperature for 1 week. They were 
then crushed using a mechanical grinder and passed through an 850 µm sieve (Endecotts Ltd, 
London). This processed soil (5 g) was added to 45 mL autoclaved water agar (0.2% agar) 
(1:10 dilution) in a 250 mL flask and shaken using a Wrist action shaker (Griffin) at 
maximum speed (1000 rpm) for 15 min. The flask was placed on a bench for 2 min to allow 
all heavy soil particles to settle and then six 1 mL aliquot replicates were taken each and 
spread evenly onto an ARSA plate using a disposable hockey stick. The Petri plates were 
sealed using a cellophane plastic wrap and incubated for 14 days at 28°C in darkness. The 
under surface of each plate was examined using a dissecting microscope (7× to 30×) for the 
distinctive black colonies of A. radicina that grow down into the agar, with little aerial growth 
(Figure 2.3C). 
A.2 Soil collection and preparation 
The silt loam soil was collected from a Mid-Canterbury field where carrots had not been 
grown in the last 15 years (J. Townshend, personal communication, 2008). The soil was first 
checked for the absence of A. radicina by plating a sample on to ARSA medium using the soil 
dilution method (Appendix A.1). Alternaria radicina was not detected in the soil sample. The 
soil needed to be modified for the experiment by breaking up the big clods using a hammer, 
and removing stones using a sieve (¼ inch mesh; Endecotts Ltd, London).  
A.3 Conidia production 
A mixed conidial suspension of three isolates of A. radicina (previously isolated from a Mid-
Canterbury carrot field (isolates 11, 33 and 47; see Section 3.2.3) was used. Each isolate was 
subcultured onto carrot leaf agar medium (Appendix B.4) using 7 mm culture plugs excised 
from the margins of the 7 days old PDA culture. The lid of each inoculated plate was sealed 
in place by using cellophane plastic wrap and the plates were incubated for 7 days at 20ºC in a 
12 h/12 h light/dark cycle, then placed for 12 h under near ultra violet light, followed by 10 
days incubation at 20ºC in a 12 h/12 h light/dark cycle (ISTA, 2006). The conidia on each 
plate were then suspended in a 10 mL solution of sterilised RO water + 0.01% Tween 80 
using a disposable hockey stick to gently dislodge conidia. The suspensions  
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of the three isolates were then filtered through two layers of sterile lens tissue (Whatman® 
105, England) to separate out hyphal fragments, and the conidial suspensions mixed together 
into one sterile bottle. 
A.4 Soil inoculation 
The soil (42 kg) was spread on a plastic sheet which had been placed on the ground. A freshly 
mixed conidial suspension of the three isolates of A. radicina was used to inoculate the 
weighed soil. A stock concentration of each conidial suspension was prepared using a 
haemocytometer and adjusted to 106 conidia per mL by diluting with sterile distilled water. 
After mixing the stock suspensions, 100 mL aliquots were prepared, with the concentration 
being adjusted depending on the desired soil inoculum level. For example, to achieve the 
desired soil inoculum level (250 CFUs/g) for 42 kg of soil the concentration of the aliquot 
(100 mL) was adjusted to 1.05 × 105 conidia/mL by diluting with sterilized distilled water. 
The adjusted concentration aliquots were sprayed over the soil (42 kg) spread on the plastic 
sheets using a spray bottle. The non-inoculated control was sprayed with 100 mL sterile 
water.  
The soils with the different inoculum concentrations were separately mixed using a shovel 
and each placed into ten 4 litre pots. The pots were placed undisturbed in the glasshouse for 
two weeks to allow time for the pathogen to establish in the soil. 
A.5 Disease assessment 
A.5.1 Foliage disease assessment  
A row in the middle section of each plot was selected at random and a wooden peg placed 
into the row, also at random. From this peg, ten successive plants were counted off and a 
further wooden peg placed into the row after plant 10. These plants were assessed for 
symptoms of A. radicina foliage infection (described in Section 2.3.6; Figure 2.9) and given 
an individual rating by using a 1 to 10 rating scale (Appendix A.5.1.1). The individual disease 
rating for the ten plants was averaged at each assessment time to obtain the disease index of 
each plot. 
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A.5.1.1 Disease index for leaf and stem infection in carrots (Merfield, 2006). 
Index value Description of disease level 
1 No infection 
2 Infection on lower leaves 
3 Infection on lower stem and lower leaves 
4 Infection on lower stem, and lower leaves senesced 
5 Infection on middle stem and leaves 
6 Infection on middle stem and all leaves 
7 Infection on upper stems and all leaves 
8 Leaves senesced and infection on upper stems 
9 Leaves senesced and most of the stem diseased 
10 Leaves senesced and all the stem diseased 
 
A.5.2 Root disease assessment  
Plants were uprooted and washed with water to remove soil and other materials. The roots 
were then air dried and tap roots were visually assessed for black rot symptoms (described in 
Section 2.3.6; Figure 2.10). Black rot disease severity of each root was assessed using a 0 to 4 
rating scale that rated the proportion of the shoulder region blackened due to black rot, where, 
0= healthy; 1= ≤ 25%; 2= 26-50%; 3= 51-75%; 4= ≥76% (Appendix A.5.2.1).  
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A.5.2.1 Black rot disease severity rating of carrot root. 
 
To confirm the black root rot field identification representative diseased samples (~10 % of 
all samples) were placed in a humid chamber for 24 h at room temperature and then observed 
under a microscope for the presence of conidia of A. radicina (see Section 2.3.3.3). For 
samples that appeared to have A. radicina conidia, identity was confirmed by plating on 
ARSA (see Section 2.3.3.1) and APDA medium (see Section 2.3.3.4). 
A.6 Umbel harvesting and seed processing 
At carrot seed maturity when all the secondary umbels had turned brown, 10 primary umbels 
were randomly selected in a zigzag traverse from each plot and hand harvested (by cutting the 
stalk ~30 cm below the umbel). Umbels were placed into individual paper bags that were kept 
open and placed in a glasshouse (16-25ºC) at Lincoln University for 5 days (in an attempt to 
mimic swathing). Thereafter the stalks were removed from the bag and umbels were dried in a 
30ºC oven for 24 h to reduce seed moisture to approximately 8%, which was determined 
using a seed moisture analysing machine (Precisa XM60, Switzerland). The seeds were hand 
removed from the umbels and cleaned by rubbing between the hands to remove spines, dirt 
and other plant material which were separated from the seeds by sieving through mesh (0.1 
mm) cloth. Hands were disinfected with 70% ethanol between the two samples to avoid 
contamination. The thoroughly mixed seeds were then placed in a paper bag and the labelled 
bags were stored in a moisture proof plastic container at 8ºC for 2 months. From the stored 
seeds of each plot, two sets of 100 carrot seeds were randomly selected and tested for A. 
      0            1             2                3                    4 
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radicina infection and germination. The carrot seeds used in the experiment were not surface 
sterilised because that would have removed/killed surface-borne A. radicina (Soteros, 1979a). 
A.7 Seed infection test 
The hundred seeds from each plot were divided into 2 replicates of 50 each. They were placed 
using sterilised forceps onto a semi selective agar (ARSA; recipe described in Appendix B.5) 
in a Petri dish, and incubated at 27ºC in 24 h darkness for 14 days. After incubation, plates 
were observed under a binocular microscope at 40× magnification. Seeds which produced 
distinguishable black hyphae of A. radicina which grew downward into the selective agar 
medium were counted as infected seeds (Pryor et al., 1994; Appendix A.7.1). For further 
identification, representative samples (30%) were subcultured on to APDA medium and the 
resulting colonies identified by comparing their morphological characteristics to those defined 
by Pryor and Gilberton (2002) (see Section 2.3.3.4). 
A.7.1 View of carrot seeds infected by Alternaria radicina after plating onto 
ARSA medium. 
 
 
 
A.8 Seed germination test 
The hundred seeds from each plot were divided into 2 replicates of 50 each. They were spread 
equidistantly along a straight line in the centre of a folded germination paper towel (31 × 45.5 
cm; Anchor Paper Company, MN, USA) and moistened with sterile distilled water. The paper 
towel was folded with the seeds at the lower fold, then rolled and placed in a sealed plastic 
bag to preserve moisture; these bags were kept in an upright position in an incubator at 20ºC 
in 24 h darkness for 14 days (ISTA, 2010). After incubation, seedlings were evaluated and 
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placed into different groups (ISTA, 2010) i.e. normal or abnormal seedlings or dead seeds 
(Appendix A.8.1). Seedlings which had a strongly developed radicle and plumule or with 
slight defects or with a secondary infection were considered as normal, while those with 
deformities such as stunted roots or shoots, missing or fractured integral parts or decay as a 
result of primary infection caused by A. radicina were counted as abnormal. Non-germinated 
seeds which were always soft and discoloured, and frequently mouldy were classed as dead 
(ISTA, 2010). To confirm the cause of the primary infection representative samples (30%) of 
abnormal seedlings or decayed seeds were tested by plating the seeds themselves and/or 
decaying tissues on to ARSA and then subculturing isolates on APDA medium. The resulting 
colonies were identified by comparing their morphological characteristics to those defined by 
Pryor and Gilberton (2002) (see Section 2.3.3.4). 
A.8.1 View of normal seedlings, abnormal seedlings and dead seeds of carrot 
following a germination test between folded moistened paper towel. 
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     Appendix B 
Recipe of media and buffers used in this study 
B.1 Potato dextrose agar (PDA) medium 
Distilled water        1 L 
Potato dextrose agar (Difco™ Laboratories, Detroit, Mi, USA) 39 g 
The potato dextrose agar powder was dissolved into 1 L distilled water. The suspension was 
then autoclaved at 121.6°C and 15 p.s.i. pressure for 15 minutes. 
B.2 Acidified potato dextrose agar (APDA) medium (Pryor, 2003) 
1 L of sterilised PDA medium was prepared as described above in Appendix B.1. 
1.25 mL of lactic acid (20%) was added to the sterilised molten PDA medium (~60°C). 
The acidified medium was not reheated because it can hydrolyse the agar in the medium. 
B.3 Potato dextrose broth (PDB) medium 
Distilled water        1 L 
Potato dextrose broth (Difco™ Laboratories, Detroit, Mi, USA) 24 g 
The potato dextrose broth powder was dissolved into 1 L distilled water. The suspension was 
then autoclaved at 121.6°C and 15 p.s.i. pressure for 15 minutes. 
B.4 Carrot leaf agar (CLA) medium 
Distilled water        1 L 
Dried carrot leaves        25 g 
Agar          15 g 
The air dried carrot leaves were soaked in 1 L distilled water for an hour then the leaves were 
removed using a sieve. The resulting infusion was topped up with distilled water to 1 L, and 
15 g agar was added. The suspension was then autoclaved at 121.6°C and 15 p.s.i. pressure 
for 15 minutes. 
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B.5 Alternaria radicina semi-selective agar (ARSA) medium (Pryor 
et al., 1994) 
 
The medium consisted of two parts 
Part A:  
  
Agar  16.0 g  
KH2PO4   1.0 g  
KNO3   1.0 g 
KCL   0.5 g 
MgSO4   0.5 g 
H2O   500 mL  
Part B:   
Polygalacturonic acid sodium salt (Sigma P 3850)   5.0 g 
H2O 
 
  500 mL. 
Part A and B were separately autoclaved (at 121.6°C and 15 p.s.i. pressure for 15 minutes), 
and combined when cooled down to 50°C. Then 50 mg of chlortetracycline HCl (Sigma 
C4881), 50 mg of streptomycin sulphate (Sigma S6501), 4 mg of dicloran (5 mg of Botran 75 
WP), 100 mg of tridemefon (Pestanal® Riedel-de Haёn 45693), 106 mg of thiabendazole 
(Pestanal® Riedel-de Haёn 45684) and 10 mg of 2,4-D (Pestanal® Riedel-de Haёn 45415) 
were added into the combined suspension. The herbicide was a stock solution that consisted 
of 200 mg of 2,4-D dissolved in 5 mL of hot ethanol and added slowly to 100 mL of water.  
Note: 2,4-D was only added when the medium was used to test infected carrot seeds. 
B.6 6x Loading buffer 
Bromophenol blue               0.25 % 
 
Xylene cyanol FF               0.25 % 
 
Sucrose                           40% (w/v) 
 
Added in sterile distilled water and stored at 4ºC. 
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B.7 Tris-acetate EDTA buffer (TAE) 
Prepared as 50× stock. 
Tris-base (J.T. Baker®, USA)             242.0 g/L 
 
Glacial acetic acid (Sigma-Aldrich® Inc., USA)           5.11% 
 
Ethylenediamine tetraacetic acid (EDTA; pH 8)                            50 mM 
 
 
Added in sterile distilled water and the suspension was then autoclaved at 121.6°C and 15 
p.s.i. pressure for 15 minutes. 
To prepare 1× TAE buffer, 20 mL of stock buffer was added into 980 mL sterile distilled 
water. 
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     Appendix C  
Climate data (source: NIWA) 
C.1 Umbel field trial (2008) 
C.1.1 Maximum and minimum daily temperature during the 2008 umbel 
infection trial. 
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C.1.2 Maximum and minimum daily relative humidity (RH) during the 2008 
umbel infection trial. 
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C.1.3 Maximum and minimum daily temperature during the 2009 umbel 
infection trial. 
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C.1.4 Maximum and minimum daily relative humidity (RH) during the 2009 
umbel infection trial. 
0
20
40
60
80
100
Maximum daily RH
Minimum daily RH
R
el
at
iv
e h
um
id
ity
 (%
)
 
 
 
 267 
     Appendix D 
Relevant results from previous research  
D.1 Seed infestation with Alternaria radicina (%) at harvest and 
after threshing of seed stalks and seed cleaning (Tylkowska, 
1992). 
                                   1986                                                1987 
 
 
At harvest After threshing of 
seed-stalks and 
seed cleaning 
At harvest After threshing of 
seed-stalks and 
seed cleaning 
Non-pretreated seeds 10 a 24 b 22 A 66 B 
Pretreated seeds* 4 a 8 a 14 A 35 B 
Within rows, for each year, number followed by same small and capital letters indicate no 
significant difference at P=0.95 and P=0.99, respectively.*10 minutes in 1% NaoCl, followed 
by 3 times rinsing in sterile distilled water. 
D.2 Wind dispersal of Alternaria spp. 
D.2.1 Numbers of Alternaria brassicicola colonies produced on agar plate 
traps* exposed downwind from a maturing commercial cabbage seed 
crop, 1977 (Humpherson-Jones and Maude, 1982). 
  Distance (m) from maturing crop* 
Date Growth stage 0 10 50 100 250 500 1000 1800 
28 April Full flower 8 0 0 0 
− − − − 
18 May 60% pod 3 0 0 0 
− − − − 
23 June Seeds green 52 4 0 0 
− − − − 
28 July Seeds brown 56 2 0 0 
− − 0 − 
4 August Before cutting 73 5.2 1 0 0 0 0 
− 
5 August Cutting  1389 1371 577 129 22 22 4 
− 
15 August Windrowed 163 6 1 0 0 0 0 
− 
30 August Before harvest 354 17 2 0 0 0 0 
− 
30 August Harvest >3000 >3000 >3000 810 242 252 138 13 
1 September Stubble 
burning 
333 22 34 2 0 
− 0 0 
7 September Burnt stubble 13 0 0 
− 0 − − − 
NB: *Number produced/trap/h exposed. Average of 5 traps. Traps exposed in young cabbage 
crop sown May, 1977 for 1978 seed harvest. 
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D.2.2 The mean daily concentrations of A. brassicicola spores in the air within 
Brassica oleracea seed production crops. (a) 1976 study, (b) 1977 study • 
>0.2 mm<1 mm, 0----0 infected pods (Humpherson-Jones and Maude, 
1982). 
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D.2.3 Effects of wind velocity, temperature, and relative humidity on the 
dispersal of spores of Alternaria macrospora from infected potted plants 
attached at different heights in a dense cotton canopy, on an unusually 
hot and dry day (A), a regular summer day (B), and a cool and humid day 
in late autumn (C). The curves represent the percentage of dispersed 
spores and wind velocity at different heights in the canopy. The number 
of days with these weather patterns in a 16-days experiment is given in 
each case (Rotem, 1991, as cited in Rotem, 1994). 
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     Appendix E 
Additional results from Sybergreen realtime PCR assay  
E.1 Amplification plot for serial dilution of pure genomic Alternaria 
radicina DNA (10 ng to 0.01 pg) in Sybergreen realtime PCR 
assay. 
 
  
 
 
 
 
 
 
 
NB: Each DNA concentration (10 ng to 0.01 pg) was measured in duplicates. 
 
10 ng              1 ng                  100 pg                10 pg                    1 pg                 
0.1 pg 
0.01 pg 
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E.2 Melting curve plot for serial dilution of pure genomic Alternaria 
radicina DNA (10 ng to 0.01 pg) in Sybergreen realtime PCR 
assay. 
 
E.3 Amplification plot for serial dilution of soil DNA extract spiked 
with pure genomic Alternaria radicina DNA (10 ng to 0.01 pg) in 
Sybergreen realtime PCR assay. 
 
 
 
 
 
 
 
 
 
NB: Each DNA concentration (10 ng to 0.01 pg) was measured in duplicates. 
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E.4 Melting curve plot for serial dilution of soil DNA extract spiked 
with pure genomic Alternaria radicina DNA (10 ng to 0.01 pg) in 
Sybergreen realtime PCR assay. 
 
E.5 Amplification plot for DNA extracted from Alternaria radicina 
conidia (104, 103, 102, 101, 5, 2.5, 1) in Sybergreen realtime PCR 
assay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
NB: Each conidia concentration (104, 103, 102, 101, 5, 2.5, 1) was measured in duplicates. 
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E.6 Melting curve plot for DNA extracted from Alternaria radicina 
conidia (104, 103, 102, 101, 5, 2.5, 1) in Sybergreen realtime PCR 
assay. 
 
 
E.7 Amplification plot for DNA extracted from Alternaria radicina 
conidia (104, 103, 102, 101 and 1) mixed in soil in Sybergreen 
realtime PCR assay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NB: Each conidia concentration (104 to 1) in soil was measured in duplicates. 
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E.8 Melting curve plot for DNA extracted from Alternaria radicina 
conidia (104, 103, 102, 101 and 1) mixed in soil in Sybergreen 
realtime PCR assay. 
 
E.9 Melting curve plot for pure genomic DNA of Alternaria 
carotiincultae (10 ng and 0.1 pg) in Sybergreen realtime PCR 
assay. 
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